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ARPA/NRL X-RAY LASER PROGR^vM 

Final Technical Report on ARPA Order No. 2Ö94 to 
Defense Advanced Research Projects Agency 

I.  INTRODUCTION 

This is the final technical progress report for the ARPA portion 
of the ARPA/NRL co-sponsored X-Ray Laser Program.  Prior to this 
report there were four semiannual technical progress reports.  Each 
of these previous reports* was prepared in considerable detail. 
These reports are referenced frequent]) in this report, and no 
attempt has boen made to duplicate that material in this report. 

The goals of the program have remained the same since the program 
began in January 1974 — to define and explore at a number of 
locations the most promising approaches to achieve laser action 
and coherent radiation in the soft x-ray region.  Considerable 
r egress has been made in attaining this goal.  Various promising 
approaches have evolved during the program, and the presently 
described approaches offer considerable promise for a continuing 
NRL program.  Although significant progress has been made, ARPA 
has seen fit to terminate the program.  Hence the promising results 
reported here do not represent the completion of a useful x-ray 
laser but strong evidence that the goal could be attained if the 
program had continued. 

The approaches that have proved most promising and that are being 
pursued currently are: 

Nonlinear optical mixing for producing coherent radiation in the 
vacuum-UV and soft x-ray regions; 

Electron collisional pumping of ions in schemes amenable to 
isoelectronic extrapolations to short wavelengths; 

*Previous semiannual reports on this project are referred to liberally 
in the present report.  These are published as NRL Memorandum Reports 
N9. 2910 (October 1974), No. 3057 (March 1975), No. 3130 (September 
1975),   and No. 3241 (March 1976).  Copies are available on request. 
Note: Manuscript submitted April 6, 1977. 
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Investigation of resonant charge transfer pumping at a high rate 
into preferential levels as an advanced soft x-ray ampliflerr 

Theo^  analysis, and numerical modeling in support of these 
approaches and continual investigation of new concepts. 

The overall theme in this program is to generate a coherent  col- 
ixmated .aser beam at as short a wavelength as possible for material 
diagnostic applications.  The general approach is to transfer a hieh 

tluZTr  Ltio^: iTl   ^ *™1***^'  ^  amplificatLn h o^gh 
in Fig J  The areas"?"8 ^ f eVentUal Chain SyStem as i^straL 
lines  th^s^nf areaS.ofk^^

ent NRL activity are bounded by solid 
lines  thos  of conc3ivable future activity by dashed lines  A hieb 

Spconv^t^fiLrir ^^ a C?herent laSer at^ ^ 1*  f- -ncy ^ upconverted into the vacuum ultraviolet (Vim  oossiblv Jlfh  Z 
tuning capability.  This step is describL in'section TT  ^  . 
collisional population inversion at shorter ^a^eng^hsL^rs 

however, and ^fore^J'of ^ Ldlp^Uca"? ' T. ^ ^"'T'- 

ine results of the analysis appears in Section VI. 

^euorthi%?rraLSCheme ^ 8h0Wn in Fi8- l  has Ranged since the last 

.««..Xy hl,K PlaS1„a de„slty ^du«,^' he Sg ^0 tZlt^ 
for this problem extremely thin and in general not ?« - ?J interest 

:^^%re^ie Hi 1:j:: rf ^ 
SL-Är   e~^ wutK represents the shortest waveleneth cohpror1^ ^„A-   *. • 
ever generated  anywhere.  The efficiency of th« s! Coherent radlation 
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The  following  sections  of  this  report  describe   the  details  of 
progress made  in each of  these  areas  since  the  last  technical  report. 
A summary of  the  important  points   is  included  in the  last  section.     In 
some  instances  the work has  been prepared  for publication or has been 
published.     In these cases  the  reprint  has  been  included  in the 
appendices and only brief mention of  the work  is made  in  the main 
body of  the  report.     Each  section also contains  comments  about where 
progress could be expected with continued effort. 

Note added in proof (29 April 1977):   Word has arrived that scientists at the 
Institute of Spectroscopy, Moscow under the direction of Prof. Letokhov have achieved 
a gain coefficient of 10 cm-1 at a wavelength of 60 Ä using a plasma produced from 
KCT and using photon pumping.   While further details are not yet available, the resem- 
blance to the scheme (2) described in Appendix A here and proposed to ARPA for an 
experiment in April 1976 is striking. 

L 
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II.  COHERENT VACUUM UV/SOFT X-RAY PULSES BY NONLINEAE. MIXING AND 
AMPLIFICATION 

II. A. INTRODUCTION 

Single pass amplified spontaneous emission devices produce radia- 
tion of limited coherence.  Because of the short lifetimes involved in 
the short wavelength emission processes, the coherence properties of 
the radiation is not easily improved by use of cavities.  Frequency up- 
conversion through nonlinear optical processes provides a method of 
generating coherent light at desired wavelengths in the extreme ultra- 
violet and soft x-ray regions by transferring the coherence of laser 
radiation generated at longer wavelengths.  In this section, the goals 
and major results of that part of the program which was directed toward 
demonstration of frequency upconversion into the XUV are described. 
This concept is based or. a cascaded frequency conversion procedure. 
The primary attraction of this approach is that it takes advantage of 
the high quality coherent radiation generated in the mode-locked Nd:YAG 
laser.  Two stages of second harmonic generation are used to generate 
the fourth harmonic at a wavelength of 266.1 nm. Using this as a pri- 
mary source of radiation, two separate approaches have been investigat- 
ed.  In the first, the fourth harmonic pulses (266.1 nm) are converted 
to tunable radiation in the vacuum ultraviolet (VUV), through successive 
stages of parametric conversion followed by four wave mixing.  This 
radiation can be tuned to match the wavelengths of multi-photon non- 
allowed transitions in appropriate gaseous media.  This makes possible 
efficient resonantly enhanced conversion to even shorter wavelengths in 
the extreme UV (XUV).  The possibility of amplification with appropri- 
ate VUV lasers was also considered. 

In the second approach, the 266.1 nm radiation is converted direct- 
ly to the XUV through higher order nonlinear processes (e.g., fifth or 
seventh harmonic conversion).  Under appropriate conditions the efficien- 
cy of such high order conversion processes can be comparable to or 
exceed that of lower order processes due to resonant enhancement or 
phase matching considerations.  Although such processes have been pro- 
posed in the literature for the generation of coherent short wavelength 
radiation, they have not previously been successfully demonstrated. 

Both of theie approaches require pulses at 266.1 nm of the highest 
possible power and beam quality and free of either spatial or temporal 
substructure.  Thus, it is imperative to optimize both the laser per- 
formance and the harmonic conversion efficiency at each stage.  Several 
aspects of this part of the program are summarized in what follows: 
(1) optimization of the second and fourth harmonic generation processes, 
(2) demonstration of compensation of self phase modulation at 1.06 |im 
using Cs vapor, (3) generation of tunable visible and VUV radiation 
using parametric down conversion and four wave mixing and, (4) genera- 
tion of coherent radiation in the VUV through fifth and seventh order 
mixing processes. 

. 
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Work on this approach has resulted in the establishment of two 
successive world records for the shortest wavelength coherent radiation 
- first at 53«2 nm by fifth harmonic generation and later at 38 nm by 
seventh harmonic conversion.  In addition, this work is the first 
application of nonlinear optical processes of order higher than three 
to the generation of coherent radiation in the XUV.  It demonstrates 
the feasibility of using such processes to extend the range of coherent 
wavelengths ever closer to the soft x-ray range and doing so with 
significant conversion efficiency» 

II. B. EFFICIENT SECOND AND FOURTH HARMONIC CONVERSION 

In this section we describe the optimization of the first two 
second harmonic generation (SHG) processes, which convert the neodymi- 
um laser output to 266 nm.  The previously low observed conversion 
efficiencies of the individual harmonic generation steps has been an 
argument against cascaded upconversion of laser radiation to obtain 
coherent radiation at short wavelengths.  This would result in severe 
reduction in energy and limit the process before useful wa-elengths 
were reached,  it is apparent from reports in the literature that 
there has been widespread difficulty in achieving satisfactory results 
in fourth harmonic generation of the 1,064 ^im emission of neodymium 
lasers.  However, there was good motivation to improve this situation. 
In addition to being a high intensity source for further nonlinear 
processes, the resulting fourth harmonic of this laser has many other 
potential applications, such as material studies and photochemistry. 
High efficiency conversion of Nd laser output to the fourth harmonic 
would provide a 266 nm source with many desirable characteristics: 
ease of operation, high power, good optical characteristics, and pulse 
durations that can be selected in the range from picoseconds to nano- 
seconds.  Through careful control of experimental conditions and 
expanding theoretical understanding of the second harmonic generation 
process, greatly improved conversion efficiencies to 266 nm have been 
achieved and new aspects of the harmonic conversion process which are 
important to the laser research community have been discovered. 

The second frequency doubling from 532 nm to 266 nm is the more 
difficult step in obtaining the frurth harmonic of the laser emission. 
At the time this investigation of harmonic generati n was begun, 807, 
conversion had already been reported for the 1.064 \m to  532 nm first 
step1,  Th3 best reported experimental conversions for doubling from 
532 nm to 266 nm were in the range of 30 to 407,, whereas corresponding 
theoretically predicted conversions were in the range of 7G to 807,, 
Energy conversions of 807, in the first doubling have bf .a duplicated 
and 857, conversion efficiency in the second doubling to 266 nm has been 
obtained.  This is the highest value yet reported, and these experimen- 
tal results are in excellent agreement with theory.  In addition, it has 
been demonstrated that harmonic generation under improper conditions 
will result in distortion of both pulse shape and spectral distribution, 
which further limits the usefulness of the harmonic and transmitted 



fundamental  pulses„ 

II.   A.l.     EXPERIMENTAL 

a. LASER 

The essential experimental tool that allowed these results was the 
mode-locked Nd:YAG laser system developed early in this program2»3. 
Briefly, the laser is operated at a single pulse output of 70-mJ energy 
and 35-psec duration.  The spatial distribution is Gaussian-like and 
propagates nearly diffraction limited with the far field distribution 
only 10% larger in radius than the diffraction limited value.  The 
spectral distribution is only slightly in excess of the time-bandwidth 
limited value due to the presence of a .8TT peak self-phase modulation 
occurring in the final stages of laser amplification.  As is described 
below, good optical quality of the fundamental laser beam is essential 
to high level second harmonic generation. Minimum pulse distortion due 
to self focusing and self-phase modulation as well as good optical 
quality become critically important to the more difficult cascaded 
second harmonic generation process used to obtain the fourth harmonic 
of the laser output. 

b. SECOND HAFM0N1C GENERATION, 1.064 \im  TO 532 nm 

A 50-mm long crystal of KDP is used for tht first doubling step 
with 00-E phase matching and angle tuning.  For both steps of harmonic 
conversion it is necessary to adjust input intensity to match crystal 
length.  Excessive intensity makes tuning to phase matching extremely 
critical, and low intensity results in low conversion.  The direct 
output of the laser had a peak intensity of 3 X109 W/cm2. At this 
intensity satisfactory harmonic conversion with the 50 mm crystal was 
not possible.  It was necessary to use a telescope to double the beam 
diameter and reduce the peak intensity to 8 x 10e W/cm2.  Even at the 
reduced intensity, angle tuning to phase matching was extremely critical 
requiring adjustment to 5 X 10"B radian to obtain optimum harmonic 
conversion. 

c. CASCADED SECOND HAKMONIC GENERATION FROM 532 nm TO 266 nm 

High efficiency harmonic conversion from 532 nm to 266 nm in phase- 
matched crystals was more difficult.  The discrepancies between observed 
experimental conversion and theoretically predicted values had been 
attributed in the literature to such varied processes as linear or non- 
linear absorption at 266 nm, disturbance of the phase-matching condition 
due to absorption followed by local heating, group velocity dispersion, 
and improper or incomplete phase matching1»4»5»6.  This process was in- 
vestigated using crystals of ADP and KD*P of various lengths oosetving 
conversion efficiency, total energy transmission, and spectra of inci- 
dent and transmitted radiation.  The results of this investigation 
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showed it was necessary to use short crystals (~ 4 mm) to obtain satis- 
factory phase matching in the presence of the self-phase modulation of 
the fundamental pulse and large group velocity dispersion of the 
crystals at these wavelengths. With crystals of this length it is 
necessary to use high intensities (~ 10io W/cm2) to achieve conversion 

in the 70 to 807« range. 

The experimental setup used to measure conversion is shown in 
Fig. 2.  The 532 nm radiation from the first SHG crystal was isolated 
with a polarizing prism.  Telescopes were used to obtain different 
intensities at the second doubler crystal.  Energy at 532 nm was moni- 
tored both before and after the crystal with beam splitters and a 
calibrated photodiode.  Harmonic energy at 266 nm was monitored with a 
second calibrated photodiode.  The crystals were tuned through phase 
matching either by temperature or angle tuning.  A variation from unity 
of the normalized sum of fundamental and harmonic energies would indi- 
cate the presence of nonlinear absorption.  No such absorption was 
observed In the SHG process (Fig. 3).  Similar measurements with ADP 
and KD*P crystals of various lengths tuned to phase matching showed 
large oscillations of conversion efficiency with crystal length but no 
evidence of nonlinear absorption (Fig.4 )„  This indicated that the 
problem of low conversion in long crystals was caused by improper phase 

matching. 

Conversion efficiency was also measured at different pump energies 
in + mm samples of ADP and KD*P (Fig. 5).  The observed conversion for 
ADP lies between theoretical curves for a plane wa-"^ with Gaussian 
pulse shape and a pulse Gaussian in both time and ; ace.  This is 
expected since the fundamental pulse will have experienced reduced 
conversion in its low intensity wings in the first doubling process. 
Conversion efficiencies are slightly higher for ADP than the corres- 
ponding values ror KD*P due to the larger SHG coefficient of ADP.  The 
greater temperature sensitivity of ADP7 and the larger two photon ab- 
sorption coefficient described below, however, make KD*P the crystal of 
choice for SHG from 532 nm to 266 nm. 

Spectra of the input and transmitted pulses give further insight 
into the physical processes involved.  Simultaneous spectra of the 
incident fundamental at 532 nm and the transmitted fundamental and 
harmonic at 266 nm were made by illuminating different portions of the 
input slit of a grating spectrograph with the three beams.  The spectra 
obtained with short crystals (4 mm) and high conversion show no develop- 
ment of structure (Fig. 6a).  in contrast, the spectra of the transmitted 
fundamental and harmonic with long crystals (25 mm) show deep modulation 
even though the incident pump spectrum has little distortion and only 
slight broadening due to self-phase modulation (Fig. 6b). 

d.  NONLINEAR ABSORPTION OF ADP AND KD*P AT 266 nm 

An immediate application of the intense, well characterized pulses 

. . ....... 
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at 266 nm was the study of nonlinear absorption in the two crystal 
materials, which it was not possible to infer indirectly from the pre- 
vious measurements of the SHG process« After fourth hannonic generation, 
the 266 ran radiation was isolated with dispersing prisms.  The intensi- 
ty of the radiation was adjusted by telescoping and tuning the cascaded 
SHG crystal through phase matching.  The 266 nm pulse was then trans- 
mitted through additional samples of ADP and KD*P with the crystal 
rotated 90° to prevent the inverse parametric process from epleting 
the pulse» Incident and transmitted intensities were measured to 
determine the dependence of transmission on intensity«  It was found 
that the nonlinear transmission coefficients were 11 x 10"n cm/W and 
2.5 x 10"11 cm/W for ADP and KD*P respectively.  Linear absorption co- 
efficients were measured on a spectrophotometer and found to be 
.035 cm"1 for both materials« 

The effect of linear absorption (a = .035 cm-1) and nonlinear 
absorption (p = 11 x 10"11 cm/W) on harmonic conversion efficiency for a 
monochromatic planewave is shown in Fig. 7 ,  A family of curves is 
glvon for different input pump intensities with harmonic conversion 
efficiency plotted as a function of crystal length.  The curves indicate 
that, for input intensities between 109 W/cm2 and 1010 W/cm3, four mm is 
a good choice for crystal length.  The broad maximum in the envelope 
near 20 mm indicates the optimum length for conversion of a monochromat- 
ic plane wave.  This length is reduced by phase matching considerations 
for short pulses with phase modulation. 

II. B.2. THEORETICAL 

a.  MONOCHROMATIC PLANEWAVE APPROXIMATION 

The equations which describe SHG generation of a monochiomatic 

planewave are 

dE0(z) .    0 2V ^ do) „ 2 . .     / JAI _\ 
—T-— = — E (z) exp (-iAkz) 
dz nc  1 

(1) 

dE^z) 

dz 
do) 
nc 

E *(z) E2(2) exp (iAkz). (2) 

Here MKS units are used, E1(z) and Es(z) are the complex amplitudes of 
the fundamental and harmonic electric fields, d is the effective SHG 
coefficient, uu the angular frequency of the fundamantal, n the index of 
refraction, c the velocity of light, z the coordinate in the direction 
of propagation in the crystal and /\k the wavevector mismatch 
Ak = mu 2k or Simple solutions exist for two cases, first where con- 
version's small and El   can be treated as a constant, and second where 
phase matching is perfect and Ak = 0. 

15 

  i  



■"■"•-' ——— - -^ -^-^_ 

o 
z 
UJ 

o 

UJ 

O 
CO 
or 

o 

CRYSTAL   LENGTH    (cm) 

Fig. 7 - Theoretical SHG conversions for monochromatic plane waves with linear and 
nonlinear absorption at 266 nm.  Curves for different initial pump intensities are shown. 

i 
16 



"-—"'■ 

For Ex   = ccnst.     Eg(z) 
ujd 
nc 

, ^W ( .   Akz\ 
(3) 

For Ak = 0 EgCz) - E^O) tanh nc 
E1(0)z (4) 

Equation (4) is a valid approximation for high level harmonic conversion 
when Akz «  1 which is the case for our harmonic conversion experiments 
with 4 mm crystals.  The total conversion efficiency is obtain'.d by 
integrating over the pulse in space and time, 

Tl- 

.00     00 

/~dt /"dr 2nrEin
2(t,r) tanh2 {—  E. (t,r)z 1 nc xn 

J-oo Jo 

(5) 

.ic 2nr Ein
2(t,r) 

The solid curves in Fig. 5 were obtained by numerical integration of 
Eq. (5) using the specified pulse shapes.  Comparison of the three 
curves in the figure illustrates that very high conversion are required 
at the peak of the pulse to obtain moderate overall conversions.  The 
table below shows ovf-all and peak conversions for some values using a 
fundamental pulse Gaussian in time and space. 

Overall Conversion 

857„ 
75% 
50% 
25% 

Conversion at Peak 

99.9% 
99.0% 
87.0% 
56.0% 

The low level tuning curve described by Eq. (3) cannot be arbitrari- 
ly extended to any level of conversion.  To obtain tuning curves for 
high level harmonic conversion, it is necessary to solve Eqs. (1) and 
(2) numerically (Figs. 8  and 9).  When this is done we find that the 
central phase matching peak narrows and the secondary maxima increase 
in height as conversion increases.  It is not possible to obtain per- 
fect phase matching under laboratory conditions, nor is it possible to 
obtain zero beam divergence.  Therefore, attempting conversion at too 
high a level will make phase matching impossible.  At best, tuning to 
phase matching is extremely sensitive at high conversion levels as has 
been demonstrated in the 1.054 |im to 532 nm conversion. 

The addition of linear and nonlinear absorption to the problem of 
harmonic generation with a monochromatic planewave requires a simple 
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SHG PHASE-MATCHING CURVE 
50.8 mm KDP,     A,=l064nm 

-47r 

Fig. 8 - Theoretical tuning curves for SHG from 1064 to 532 nm in 50.8 nm long KDP. 
Different initial intensities for a monochromatic planewave fundamental are used 
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Fig. 9 - Tuning curves for SHG from 532 to 266 nm in 4 mm long ADP. Different initial 
intensities for a monochromatic planewave fundamental are used. 
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extension of Eqs. (1) and (2). 

dEs(z) 

dz 
a 
2 - T Es(z) 

n  fa £ E2(z)  E2,V(z) E2(z) 
" 2 V,,  2 

+ ^ E^Cz) exp (-iAkz) 
nc 

(6) 

dEiCz) 
dz 

duu 
nc 

E2(z) EiCz) exp (iAkz) (7) 

Here a linear absorption coefficient a and a two photon absorption 
coefficient B for absorption only at the second harmonic have been 
included. These equations were solved numerically for the case of 
Ak = 0 to obtain the curves shown in Fig. 8. 

a.  GROUP VELOCITY DISPERSION 

The group velocities for room temperature angle tuned AJiP obtained 
from dispersion data8 are vg}f - 1.9177 X 10

10 cm/sec for the o-ray at 
\f  = 532 nm and vg.h = 1.8029 X lO

10 cm/sec for the e-ray at \h  - 266 nm. 
The difference between these two values Vg f - Vgjh = l'^8 X 10 cm/sac 
is about ten times as large as the corresponding value in KDP for har- 
monic generation from 1.064 \m  to 532 nm.  This is the reason shorter 
crystals are required for the 532 nm to 266 nm process.  Dispersion in 
group velocity will cause the harmonic pulse to propagate slower and 
"walk off" the fundamental.  The rate of this walk off is 
(ve f - vK iv/(

vg f vg,h) " 3-3 Psec/cm of crystal length.  The group 
velocity dispersion will reduce harmonic conversion over the case of no 
group velocity dispersion, but conversion efficiency remains a mono- 
tonically increasing function of crystal length for time bandwidth 
limited pulses9.  Only when the fundamental pulse has some excess band- 
width due to modulation, will the conversion efficiency oscillate with 

crystal length. 

The presence of phase modul  ion on the input pulse disturbs the 
phase relationship between harm .ic and fundamental as the more slowly 
propagating harmonic walks through the fundamental pulse.  The harmonic 
pulse can then drive the fundamental through the inverse parametric 
process, resulting in a limitation of the conversion efficiency, genera- 
tion of new frequencies, and distortion of both pulses. 

c.  TIME DEPENDENT SOLUTION 

It is necessary to express the equations for harmonic generation in 
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time dependent form to include the effects of dispersion and self- 
phase modulation: 

.. ad 
nc 

A ^UJCZ.AU)) --  i ^ exp [-i(Ak + " —) z } X 
oz  w vg,h 

E (z,t) exp (iAcut) dt (8) 

-£- ^ (Z,AIJU) = i 
bz ca)v • / 

(jud 

nc 
exp {i(Ak. 

AW .  , 
 ) z j 
vg.f 

1 A 
+a> 

E2((1(z,t) E *(z,t) exp (iAat) dt. jai (9) 

Here S^ and ^^ are complex spectral amplitudes and Etu and E^^ are com- 
plex electric field amplitudes. The electric field amplitude and spec- 
tral amplitudes are related by the Fourier transform pair 

E(z,t) 

(?(z,Aw) -- r TT   Ace 

AU))   exp  (-iAuüt)   dt 

(10) 

E(z,t)   exp   (iAUJt)   dAuü. 

The time dependent equations (Eqs. 8 and 9) were solved numerical 
ly for different conditions of interest for comparison with the experi 
mental investigations. An input pump pulse with intensity dependent 
phase modulation was used 

^t2/a2 
EjO.t) = Eo exp Ci0e ) exp (-t'W) (11) 

Parameters used were appropriate for 532 nm to 266 nm conversion in ADP. 
Peak input intensity was chosen to be 109 W/cm2, and pulse width, 2a, 
was set equal to 27  psec.  Different values of peak intensity- 
dependent phase modulation 0 and central frequency wavevector mismatch 
Ak were used (Fig. 10).  Even a slight amount of phase modulation, 
0=.1TT, which would be difficult to detect experimentally, drastically 
reduces harmonic conversion in a 25 mm crystal.  The solution for 
0=.8TT has a fortuitous fit with the experimental data. 

The distortion of harmonic and transmitted fundamental pulses is 
illustrated by following the calculation for 0=.4TT in more detail. 
Pulse shapes obtained from the numerical calculation are shown for 4 mm 
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Fig. 10 — Theoretical conversion efficiencies as a function of crystal length for different 
amounts of shelf-phase modulation or central frequency wavevector mismatch. Curves 
are numerical solutions to time dependent equations. 
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increments of crystal length (Figs. 11a and lib).  The corresponding 
spectra for the fundamental and harmonic are also given (Figs. 12a and 
12b)  For crystal lengths up to 8 mm, harmonic generation shows no 
anomalies, and the structure that develops in the fundamental pulse is 
due to depletion of the central region« At 12.mm crystal length, har- 
monic conversion has peaked, and the harmonic pulse is starting to drive 
the fundamental through the inverse parametric process. As the two 
pulses propagate through greater crystal lengths, energy is exchanged 
between fundamental and harmonic and the distortion increases  Finally, 
at 25.5 mm crystal length the pulses are reduced to bursts of fluctua- 
tions.  This type of distortion severely limits the applications of 
these pulses.  There is a marked similarity between the calculated 
spectra at L=20 mm (Fig. 12b) and the experimentally measured spectra 

(Fig. 6b ). 

It is possible to define an effective wavenumber mismatch Akeff 
resulting from the intensity dependent phase modulation and group 
velocity dispersion.  This effective mismatch is obtained from the 

equation 

Ak 
eff 

,-              , -t2/2a2  -(t-At)2/2a2 

l  J^uA) - 20c,(t)}e       e ^   ^  d^ 

1 /e-t
2/2a2 e-(t-At)

2/2a2 dt 

(12) 

-(t-At): -t2/a£ 

with 02uu(t) = 20e",'l' "^ , 0(Ju(t) = 0e_' '" and 
At=Je(v2 f-v- u)/(vo f vg h). For stna11 At"-' i'e-'  At << a E<1- 12 can be 

integrated to yield 

Ak eff a 
\vg.f vg,h/ 

(13) 

With 0=.4TT and a=13.5 psec, Akeff « .31. Numerical solutions for 0=.4TT, 
and Ak=0 yield similar results for conversion efficiency «s a function 
of crystal length (Fig. 10). With knowledge of the amount of phase 
modulation on the input pump pulse and group velocity dispersion it is 
now possible to set additional criteria for crystal length and input 
intensity.  The maximum value of Akeff£ can be determined from tuning 
curves such as those shown in Figs. 8 and 9.  Knowledge of Akeff and 
the desired peak conversion efficiency determine the maximum crystal 
length that can be tolerated.  Solution of Eq. 4 then determines the 
peak input intensity required for the desired conversion.  This value 
must be below the damage threshold, which is observed to be 
~ 2 x 1Ö10 W/cm2 for the crystals used in this work. 

It has been demonstrated that gl atly improved efficiency can be 
obtained in the conversion of neodymium laser radiation to its fourth 
harmonic if high optical quality is maintained in the fundamental laser 
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pulse and intensities and crystal lengths are properly chosen for 
optimum harmonic generation.  In work performed on this contractj the 
highest second harmonic conversion efficiencies rfiported in the litera- 
ture have been optained»  It has been demonstrated that problems caused 
by group velocity dispersion and self-phase modulation, which have 
limited the 532 nm to 266 nm harmonic generation in the past, can be 
avoided.  The first reported measurement of two photon absorption 
coefficients of ADP and KD*P at 266 nm have been made.  Finally, the 
theoretical understanding of high conversion efficiency second harmonic 
generation has been expanded.  With these advances, the fourth harmonic 
of the neodymium laser provides distinct advantages as an ultraviolet 
source compared to lasers that generate output directly in the ultra- 
violet» Most importantly, the resultant fourth harmonic provides a 
more useful source for further coherent upconversion to the vacuum 
ultraviolet. 
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II. C.  COMPENSATION OF SELF-PHASE MODULATION 

As part of the development of a mode-locked Nd:YAG laser system 
for these experiments, investigations were made to check the feasibili- 
ty of reducing the phase modulation introduced by the Nd:YAG amplifiers 
by using Cs vapor as a nonlinear compensating element.  Atomic Cs has a 
negative nonlinear coefficient of refractive index which at number 
densities of around 1017 cm"3 can be made equal in magnitude to the 
positive coefficient of common Nd amplifier host materials.  Use of such 
a material for nonlinear phase compensation can in principle provide 
compensation at all times during the pulse and at all points on the 
spatial profile, making it superior to passive correction optics which 
can provide compensation fur only a single pulse intensity. 

A series of experiments to determine the feasibility of such a 
process have been performed.  In the first experiments, the self defo- 
cusing which results from the negative value of n2 was observed, and the 
value of ru, was measured and compared with theory.  Agreement was found 
to within a factor of 2 between our absolute measurements of as   and our 
first principle calculations.  Also, excellent agreement was found 
between observed and predicted differences for linear and circular 
polarizations.  The details of these experiments are given in previous 
reports (NRL Memo Report 3057). 

In more recent experiments actual compensation of phase modulation 
on a pulse from a Nd laser has been observed.  Phase modulation in a 
positive sense was introduced on a pulse in a cell of CS2.  The pulse 
was then propagated through aim long Cs vapor cell.  The degi.ee of 
phase modulation was determined by measuring the spectral distribution 
of the pulses.  Comparison of the spectrum of pulses entering and 
leaving the Cs cell was made as the Cs number density was varied.  The 
spectral distribution of the input pulses had a double peaked structure, 
which is characteristic of phase modulation.  As the Cs number density 
was increased, the spectrum of the oui^at pulses decreased in width 
until they reached their time bandwidth limit.  Further increase in Cs 
number density resulted in increased width as the initial phase modula- 
tion was overcompensated.  Complete compensation of phase modulation 
depths up to 3TT, the maximum which could be generated in the present 
system was observed. Although this experiment was designed to intro- 
duce a controlled amount of phase modulation on a pulse and then com- 
pensate for it, some of the initial positive phase modulation was 
determined to have originated in the amplifier chain.  These results 
demonstrate that phase modulation which arises in the amplifier chains 
of large Nd lasers can be effectively compensated with Cs vapor. 
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This work has recently been submitted to physical Review Letters. 
A copy of the paper entitled," Complete Compensation of Self-Phase 
Modulation in Cesium Vapor at 1.06 ^," appears in the Appendix of this 

report. 

II. D.  TUNABLE VISIBLE AND VUV VIA PARAMETRIC DOWNCONVERSION AND FOUR- 

WAVE MIXING 

The experimental setup used for generation of coherent radiation in 
the XUV through resonantly enhanced frequency conversion has been des- 
cribed previously in a semiannual technical report (NRL Memo Report 
3057)o  In this arrangement pulses at 266.1 nm are downconverted 
through a parametric generation process to produce light which is 
tunable throughout the visible.  This radiation is then upconverted to 
the VUV by four-wave mixing in a suitable medium. A second third order 
mixing process is then used for conversion to the XUV.  This approach 
has the advantage that the VUV pump radiation can be tuned to multi- 
photon resonances in the final mixing stage, improving the efficiency 
of the conversion process.  It is anticipated that some degree of 
resonant enhancement will be necessary because of the low available 
power resulting from inefficiencies in each of the cascade steps. 
Amplification of the VUV pulses by appropriate VUV laser amplifiers was 
considered in order to make up for the inefficiencies in the cascade 
process. This approach has several advantages over use of a VUV laser 

directly for a pump source. 

First many of the VUV lasers are single pass, traveling wave devices 
of limited coherence.  The limited coherence means that the conversion 
efficiency of the parametric process is expected to be low.  However, 
if the same device is used as an amplifier the coherence of the in- 
coming pulse is maintained.  In addition, the VUV laser amplifiers 
operate in an inversion depletion mode in which the laser pulse sweeps 
out the available gain in most of the amplifier volume.  Extraction of 
this amount of energy in a picosecond duration pulse would result in 
a considerable increase of power, accompanied by significant improve- 
ment in the efficiency of intensity dependent parametric conversion 
processes.  For some of the higher order processes considered, such an 
increased intensity could make the difference between a successful and 
an unsuccessful experiment.  Finally, since these processes are inten- 
sity dependent, highest efficiency will be achieved at the highest 
possible intensities.  One of the limitations on ultimate intensity 

will be optically induced breakdown. 

Since the breakdown strength of a material increases with decreas- 
ing pulse duration, the use of picosecond pulses for the pump radiation 
in the VUV would allow higher intensities to be reached.  Thus even 
higher conversion efficiencies could conceivably be achieved by using 
the short amplified pulses rather than the longer pulses generated in 
the VUV lasers directly. With the variety of existing VUV lasers cur- 
rently in existence, amplification in a large part of the spectrum 
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between 100 and 200 nm can be covered in this manner. 

Initial developnent of this system was carried out.  Parametric 
conversion of the 266.1 nm pulses was accomplished with about 10% 
efficiency, giving pulses of 10 mW which could be tuned throughout the 
visible.  This radiation was then mixed in Mg vapor to give pulses at 
153.2 and 168.4 nm. r     6   f 

Several schemes were considered for further mixing to achieve even 
shorter wavelengths.  These are shown in Table 1, reproduced from NRL 
Memo Report 3057.  The cascaded approach outlined above has shown 
indications of being a practical one for generation of short wavelength 
radiation by frequency mixing.  The improvement in conversion efficiency 
in the second harmonic stages serves as an indication that cascaded 
schemes are not inherently inefficient.  With further work, similar 
improvements in the downconversion and four-wave mixing efficiencies 
are also to be expected.  As a result, this approach can provide in- 
tense radiation in the VUV for pumping third or higher order processes 
which can be tuned to a multiphoton resonance of the nonlinear medium. 
Amplification with a VUV laser holds the promise of providing power 
levels of 109 W in the VUV.  However, some question exists as to the 
availability of the stored energy in the rare gas lasers for amplifying 
single narrow lines.  Sufficient information on the rate kinetics 

of the amplifying medium does not exist to determine the extent of this 
limitation.  Further study on this aspect of the problem is certainly 
warrented in view of the potential for high power tunable coherent VUV 
radiation which exists. 

Work on this particular approach to coherent short wavelength 
radiation has terminated at this point with the end of the program. 
Further work was confined to higher order mixing from 266 nm directly 
to the XUV.  This work is described in the next section. 

II. E. COHERENT RADIATION IN THE XUV VIA FIFTH AND SEVENTH ORDER 
MIXING PROCESSES 

As an alternative to successive cascading, the use of higher order 
nonlinear processes to convert the 266.1 nm pulses to the VUV directly 
has been considered.  At the high intensities available in our VUV 
pulses, such processes can be expected to produce usable radiation at 
the output wavelength.  A study of fifth and seventh order conversion 
of 266.1 nm pulses in the rare gases has been made.  Such conversion 
schemes can be optimized either by optimizing possible resonant enhance- 
ments or by optimizing phase matching properties.  The experiments 
repopd here utilized each of these tecurlques.  Fifth harmonic con- 
version in neon was observed with the aid of a near four-photon 
resonance between the pump radiation and the 3ptl^]J=2 level where 
the detuning was 12 cm"1 (see Fig. 13).  m helium, there are no useful 
resonances.  However, calculations show that helium is negatively 
dispersive for this process, i.e., fifth harmonic generation.  Thus 
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Fig. 13 - Partial energy level diagram of Ne and He showing levels involved 

in fifth harmonic conversion from 266.1 nm to 53.2 nm 
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optimization by tight focusing should be possible.  In Ne, the generated 
radiation lies in the ionizing continuum and absorption will limit 
achievable conversion efficiency.  In He, the radiation lies in a 
transparent region of the spectrum, and as a result, higher conversion 
efficiencies would be expected in helium, despite the lack of resonant 
enhancement of the nonlinearity. 

The generation of radiation at 53.2 nm by fifth harmonic conver- 
sion was observed in both He and Ne.  Details of these results are 
given in a paper entitled, "Generation of Coherent Radiation at 53.2 nm 
by Fifth Harmonic Generation," which is included in the Appendix. 
Briefly, the 266.1 nm pump radiation was focused into a cell (Fig. 14) 
containing the rare gas under study.  The focus was at a gas-vacuum 
interface maintained by differential pumping.  The output radiation 
was analyzed with a vacuum monochromator for intensity (using a photo- 
multiplier) and wavelength (using Kodak 101-01 film).  The spectrum 
showed a single narrow spectral line at a wavelength of 53.2 nm, in good 
agreement with the expected value of 53.225 nm (Fig. 15).  The depend- 
ence of the intensity of the generated radiation on the power level of 
the pump radiation agreed with the expected fifth power law with n ex- 
perimental accuracy (Fig. 16).  Two different focusing lenses w« "e 
used, a 10 cm lens, giving a spot size of 10 um, a confocal parameter 
of 2 mm and a peak intensity of 3 x 1014 W/cnT; and a 5 cm lens giving 
a spot size of 5 ^m, a confocal parameter of 0.5 mm and a peak intensity 
of about 1016  W/cma. With the weaker focus, conversion levels in Ne 
were higher than those in He even though the depth of the focus was 
greater than the absorption length in Ne (0.7 mm at a pressure of 40 
torr).  With the tighter focus conversion increaseu in both gases, but 
the increase in He was considerably greater, resulting in a 10-fold 
increase in signal level over that observed with Ne with the 10 cm lens. 
The highest conversion efficiency was estimated to be in the range of 
10 6 to 10"B, giving pulse powers in the range of 1 kW. 

Conversion levels seem to be limited in Ne since breakdown is 
evident at pressures below 40 torr for the 5 cm focus.  No similar 
limitation has yet been observed in He and further improvement should 
be possible by matching the phase slippage due to the focus to an 
initial offset in the dispersion of the gas.  Calculations indicate 
that in the absence of limiting effects such as breakdown, conversion 
levels as high as 1% should be achievable, with pulse powers at 53.2 nm 
of 10 W being possible.  Fifth harmonic conversion has also been seen 
in Ar at a conversion level similar to that in Ne. 

In addition to odd harmonic generation, six-wave mixing processes 
involving combinations of other laser harmonics can be used to generate 
radiation uu other wavelengths in the XUV.  As a demonstration of this 
technique, four photons at 266.1 nm were combined with one at 532. nm 
to generate radiation at the , ^h harmonic of the original laser 
(1.064 p.) at 59.1 nm.  Radiation it still shorter wavelengths can be 
obtained by using higher order processes.  To investigate this, 
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Fig. 14 — Experimental arrangement used for generating and detecting 
the fifth and seventh harmonic of 266.1 nm radiation 
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Fig. 15 — Der.sitorr.eter trace of photograph of spectrum of fifth harmonic 
radiat'jn (top) and He discharge (bottom) between 50 and 60 nm 
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radiation ac 38 nm was produced by seventh harmonic conversion of the 
266.1 nm pulses in He (Fig. 17).  In this case the generated radiation 
lies in the ionizing continuum, although the absorption cross section 
is only one-half of that in Ne for 53.2 nm radiation.  The conversion 
efficiency was considerably less than the fifth harmonic process, and 
the signal levels were in the noise of the photomultiplier detector. 
Nevertheless, clear evidence of radiation at 38 nm by tuning the 
spectrometer grating while recording signals with the photomultiplier 
(Fig. 18) was obtained. 

The results reported in this section demonstrate clearly that 
nonlinear conversion processes of higher order than third can be useful 
in generating coherent radiation in the XUV region of the spectrum. 
Further pursuit of this study seems justified in order to develop this 
capability into a useful tool for tunable spectroscopy, short wavelength 
photography, materials analysis, and plasma diagnostics.  Our results 
are due in large part to the quality of the laser radiation at 1.064 n 
and 266 nm which is generated by the laser system developed and describ- 
ed earlier in this program. 

The efficiency of the conversion process depends not only on the 
peak intensity of the beam in the focus, but also on the total power. 
A beam of relatively low powe*: which is focused to give comparable 
intensity to a more intense source will have a shorter beam waist and 
therefore a shorter interaction region in which conversion can take 
place.  The success of these experiments therefore depends strongly on 
the development of a laser source wjth r-unerb spatial and temporal 
quality.  This was accomplished in the early phases of this program. 
In addition, the optimization of the second harmonic processes was 
vital to provide sufficient total power in the UV pump pulses.  Such a 
capability (described in an earlier section of this report) has already 
demonstrated its usefulness and should prove extremely valuable for 
future research in this area. 

III.  ELECTRON-COLLISIONAL PUMPING 

III. A.  MODELING OF 3p^3s LASING SCHEMES 

III. A.l.  INTRODUCTION 

The study of 3p-j3s ion laser schemes was undertaken mainly because 
of two important features which made production of a short-wavelength 
laser by this method seem feasible; (a) The scheme showed the possibili- 
ty of quasi-cw lasing, (b) It represented an isoelectronic extrapolation 
of lasers already existing in the visible and near UV1.  Quasi-cw lasing 
in the 3p->3s scheme is obtained as indicated in the diagram in Fig. 1Q. 
Electron-collisional pumping from ?p to 3p is followed by 3p-»3s lading, 
with the 3s lower laser level more rapidly depopulated by radiative 
dipole decay to the 2p ground state, thereby maintaining the inversion. 
Lasing time is thus limited only by the time during which the required 

38 

. 



'   ' , ..,y-i,t„i.. 

-   „T—3diD 
3piP0 

100,000 

^pump-: 266.1 nm 
L_ Xgen   ■ 38.03 nm 

Fie  17 - Partial energy level diagram of He showing energy levels inv 
B' i- .D„onfh harmonic conversion of 266.1 nm radiation 

olved 

in seventh harmonic conversion 

39 



— — 

SEVENTH HARMONIC SIGNAL IN He 

100- 

> 

ui 

o 
50- 

< z 

P = 60 TORR 
I = 10'5w/cm' 

SLIT WIDTH 

m 
± ± 

774     775      776     777      778 
SPECTROMETER SETTING 

j_ j_ 
37.95    38.0    38.05   38.1     38.15 

WAVE  LENGTH (nm) 

Fig. 18 - Dependence on spectrometer wavelength setting of frequency of detection of 
38 nm signal. Data shows presence of signal at 38 nm with a turning width equivalent 
to th; slit width. 

10 



  

2p dP (5)   BORON-LIKE   GROUND   TERM 
T 

2p2 3P(1 
CARBON-LIKE   GROUND TERM 

Fig. 19 - Term diagram for 3p-*3s lasing scheme in carbon-like ions showing important 
terms and transitions used in numpricai modeling results described. Dashed arrows desig- 
nate radiative transitions; solid arrows represent electron-collisional transitions 

11 

.    ... . 



■  

plasma conditions can be maintained.  The effects of transitions to 
and from other atomic levels in the same and in neighboring species on 
the upper and lower laser level populations are taken into account in 
the modeling when they are important.  The purpose of the modeling was 
to provide guidance and rationale in the understanding, selection, 
operation, and interpretation of near-term laboratory experiments. 

III. A.2.  ANALYTICAL ESTIMATES 

The 3p-*3s scheme was originally treated with a simplified three- 
level analytical model2, which indicated the feasibility of extrapolat- 
ing successful near-'JV schemes into the vacuum-UV region.  Single-pass 
amplification was predicted in a las^r-produced plasma of reasonable 
length, pump power, and pump rise time, especially for plasmas of high 
electron temperature.  The analytical estimates were later extended3 

to plasmas of higher densities where it was shown t^nt inversion on 
shorter wavelength transitions is attainable for highly stripped ions 
of the carbon isoelectronic sequence. 

III. A.3.  TIME-DliPENDENT NUMERICAL MODELING 

The 3p-»3s scheme was first modeled numerically using a "Hot Spot" 
model which used time-dependent rate equations to solve for the popu- 
lations of relevant atomic levels on the assumption that the plasma is 
pumped by a subnanosecond laser pulse.  This code, which was well tested 
by successfully modeling x-ray generation in laser plasmas5, neglects 
plasma motion and assumes that densities and temperatures are spatially 
homogeneous although the electron and ion temperatures change with time 
due to energy balance.  The hot spot code was applied to model the 
doubly ionized oxygen ion (0 III) in order to compare its predictions 
with laser experiments6 and initial analytical estimates for 3p-)3s 
lasing.  The results of this modeling not only showed strong lasing in 
the 3p->3s transition but also agreed with scaling laws predicted by the 
flalytical studies. 

In an effort to model better the present short-wavelength laser 
scheme, a time dependent code (named XRL-1) more suitable for the 
modeling of x-ray lasers was developed.  This code provided detailed 
output describing level populations and transitions between the levels 
as a function of time and gave insight into the physical processes 
important in obtaining population inversion.  Specifically, it was de- 
termined thf.t ionization and recombination affected the upper and lower 
laser leve] populations (mainly by depletion of the total lasing species 
density) in such a manner as to reduce the predicted value of the gain 
by a factor of 2 to 5; nevertheless, a reasonable and observable gain 
was predicted. 

III. A.4.  STEADY-STATE MODELING 

The need to scan entire isoelectronic sequences to determine which 
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ions would give the best gain for a given set of plasma conditions 
required the development of a steady-state computer code which was 
applied to carbon-like ions and a variety of rather high density plasman 
obtainable with present day technology.  The steady-state code assumed 
temporally and spatially constant densities and temperatures and includ- 
ed all relevant collisional and radiative transitions (including impor- 
tant radiative trapping effects).  It should be noted that although the 
modeling described here concentrates exclusively on six-electron ions, 
the results are expected to be similar for all ions having at least one 
outer 2p electron in the ground configuration from the boron-like to the 
neon-like sequences. 

This code and its results are described in detail in reference 7, 
the full text of which is contained in the appendix of this report.  The 
code was sufficiently economical and uncomplicated to allow a large 
array of elements and plasma conditions to be studied. Much insight 
into the relative importance of the atomic processes resulting in or 
inhibiting population inversion and some important scaling laws could 
be gained by studying the output of this simplified code.  The use of 
the steady-state code was justified by the excellent agreement of its 
preiictions with more detailed time-independent codes4, analytical 
estimates2»3, and experiments6. 

The results of these steady-state calculations indicate signifi- 
cant gain products for 3p-xJs ionic transitions in quasi-cw emission in 
an amplified spontaneous emission mode, i.e., without a resonant 
cavity, in an equilibrium plasma model.  Such gain products may be 
observed in high-density plasmas containing carbon-like ions of atomic 
number Z « 20 such as produced by laser irradiation of pellets or 
electromagnetically driven high-density pinch devices.  Even more 
spectacular gain products are computed when the steady-state model is 
run in a simulated transient mode by maintaining the population density 
of the lasing species at one third of the total ion density rather than 
a few percent which would exist under equilibrium conditions at high 
temperatures.  Some gain products computed for this "transient" be- 
havior are graphed in Fig. 20 .  With enhanced electron temperatures 
typical of transient plasma heatiag, gains approaching saturation levels 
are predicted.  Therefore, vacuum UV lasing at wavelengths between 500 
and 1000 A using existing high-density discharge devices appears prom- 
ising for a near-term proof of feasibility of lasing in plasmas at 
short wavelengths. 
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III. B.  LASER-PLASMA INTERACTION EXPERIMENTS 

III. B.l.  INTRODUCTION 

One potential method for demonstrating a short-wavelength laser is 
to use electron collisional pumping of multiply ionized atoms.  The 
electron collisional pumping may be achieved by rapid heating of a 
relatively cool but dense plasma with picosecond laser pulses.  The 
initial experimental efforts have been directed towards a basic physics 
understanding of laser-plasma interactions in order to explore the pos- 
sibility of enhanced plasma heating.  Spectroscopic studies of laser- 
produced plasmas have been made in order to determine plasma parameters 
as a function of time and the ionic species produced.  The results are 
described in Section 2 below.  The dual laser system and the experi- 
mental results are described in Sections 3 and 4, respectively.  It is 
realized that the success of this approach is very much dependent on 
the appropriate selection of a spatial location in the expanding plasma 
where the picosecond (heating) laser pulse is to be focused.  Therefore, 
independent of a particular inversion atomic model, knowledge of the 
spatial distribution of electron density and plasma expansion character- 
istics in the initial plasma is vital for directing and synchronizing 
the pumping laser pulse.  Interferometric studies of the laser-produced 
plasma have been made in an attempt to obtain such information, and the 
results are described in Section 5. 

III. B.2.  SPECTROSCOPIC STUDY OF LASER-PRODUCED PUSMAS 

The mode-locked Nd:YAG laser beam of 25 ps in pulse duration is 
directed into a vacuum chamber (p ^ 10"4 torr) and then focused onto 
various slab targets (Na, Mg, Al and Si) using a 30 cm focal length 
lens.  The focal spot has an elliptical shape of 30 ^m by 70 ^m and 
the laser power density at the focus is estimated to be 10:  W/cm . 
X-ray pinhole images and spectra from plasmas produced by this power 
density were measured.  An expanding, x-ray emitting plasma (aluminum) 
is photographed using a double-pinhole x-ray camera.  Fig. 21 shows 

, 
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microdensitometer scans (showing density contour) of such x-ray photo- 
graphs taken simultaneously, one through 0.5 mil and the other through 
1,5 mil beryllium absorbers.  The size of the initial hot plasma is 
estimated to be 50 |im in diameter. 

The plasma radiation is spectrally analyzed using a flat Rubidium 
Acid Phthalate (RAP) crystal (2d = 26.121 A) and the spectra are re- 
corded on No Screen medical x-ray film through 12 ^m beryllium foil to 
protect the film from visible radiation. Although the potential lasing 
wavelengths conceivable with the laser power density available here 
would lie well above 100 1, the spectral region of 5 Ä - 12 A is rela- 
tively clear of line radiation, and consequently more convenient for 
line identification.  Figs. 22  through 25 indicate microdensitometer 
scans of the x-ray spectra thus obtained from Na-, Mg-, Al-, and Si- 
plasmas, respectively. All four spectra show very strong ls2p-»ls 
resonance transition lines and the other Rydberg series lines of He-like 
ion species, i.e., Na X, Mg XI, Al XII, and Si XIII. Free-to-bound re- 
combination edges are also seen at the series limits. For Na-, Mg-, and 
Al-plasmas, even H-like (Na XI, Mg Xll, and Al XIII) Lyman-a lines 
appear, decreasing in intensity with increasing atomic number.  But the 
trend is reversed for blends of long wavelength satellite lines of the 
He-like resonance line, ls2£2p-»ls22je.  This is understandable in view 
that when the laser-heated plasma temperature is high enough to ionize 
up to H-like ion species for lower Z atoms, the temperature is too 
high for Li-like ion species to be highly populated (jurn cut). 

Assurr ng that the electron density does not exceed the critical 
value C* 1021 cm"3) for laser light peael:ration, the high stages of 
ionization observed with such a short heating pulse are difficult to 
understand using a thermal model of the plasma, because the thermal 
ionization time required is longer than the laser pulse.  The situation 
here may be explained however using a spherical "hot spot" model. 
This numerical model assumes a stationary, uniform plasma sphere at the 
laser focus (neglecting magnetohydrodynamic plasma motion during the 
time of interest) and also assumes that the major plasma cooling is by 
radiative and thermal-conductive mechanisms.  It is also assumed that 
the laser light is absorbed in a small volume of ~ 10"6 cm"  pre- 
dominantly through the process of inverse bremsstrahlung, and its 
energy is deposited directly as thermal energy into the electron gas. 
The electrons then share their energy with the ions through collisions 
that heat, excite, and ionize the ions.  The excitation and subsequent 
radiative decay of the hydrogen-like and helium-like ionization stages 
are modeled in some detail to allow computation of the K-like (np-^ls, 
n 2 2) emission spectrum that is observed r'n the laser-heated plasma. 
Fig. 26 indicates the computed electron ana ion temperatures as a 
function of time for Al-plasma.  One notes that a large Tg/T^ with 
kTe ~ 1 keV exists for an initial time period of ~ 50 ps.  The tempo- 
rary non-equilibrium situation which exists here is desirable, because 
the high Te is most effective in producing a high inversion, whereas 
a lower T^  reduces t/ie Doppler linewidth — both effects increasing 
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any gain  Fig. 27 shows ground population densities of Al XI, Al XII, 
Al XIII 'and Al XIV, where the populations of electrons and Al XII are 
nearly instant due to the assumptions made.  Li-like Al XI, however, 
dips sharply after a peak due to the burn-out and then gradually in- 
creases, caused mainly by the recombination of Al XII ions^ Time- 
resolved power densities of line radiation due to Al XII Is -is/p, 
Al XII ]Al83p, and H-like Al XIII ls-2P transitions are shown xn 
Fig. 28 and a time integrated K-x-ray spectrum of Al XII and Ai Xlii 
ions is compared with that of the experimentally obtained spectrum In 
Fig. 20.  The experimental points are relative values with arbitrary 
units and are normalized to the computed value of the Is'-l^P ^ 
overall agreement is good between the two; however a definite endency 
towards lower experimental values in ls2-ls3p, ls2-ls2p  is noted 
This discrepancy is interpreted to be due to the fact that these lines 
may be optically thick, an effect not yet included in the numerical 

model. 

-he spectral features observed so far indicate that the plasma 
electrons are heated to a temperature somewhere between 300-600 eV. 
However, precise temperature measurement is essential for further in- 
vestigation. This will be done using two approaches, i.e., from the 
intensity ratio of He-like ls2-ls2P to H-like ls-2p resonance lines 
and by using the x-ray absorption method. The latter technique may 
also be used to obtain the bremsstrahlung profile of the plasma. 

The original experimental scheme proposed is to make a line focus 
on a slab target so that a cylindrical expanding plasma is formed. 
This plasma is subsequently heated and pumped by an axial laser beam of 
short pulse duration.  Detailed plasma diagnostics and spectroscopic 
study in the two-laser-beam operation will be made using low-Z targets. 
The spectroscopic study will be extended to the vacuum UV region where 

3p-»3s lasing is likely to occur. 

III. B.3.  DUAL PULSE LASER SYSTEM 

A dual pulse laser system was developed under this program both as 
a tool to study the properties of laser-produced plasmas and as a 
pumping source for the two-pulse laser heating experiments  ^e laser 
system consisted of a mode-locked Nd:YAG laser and a Q-switched Nd:YAG 
glas, laser which were synchronized by a technique developed under the 
program.  The details of the design of the individual lasers as well as 
the synchronizing system have been given in previous semiannual tech- 
nical reports.  The salient features of this system are 1) a single 
mode-locked pulse at 1.06 ,. of 30 psec duration and containing up to 
200 mJ of energy, 2) a Q-switched pulse variable in duration from 
1 nsec to 10 nsec at a peak power of 1 GW, and 3) synchronization be- 
tween these two pulses  -.th a jitter time of + 120 psec.  This is the 
first time two independently pulsed lasers have beoi synchronized with 

this degree of accuracy. 
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III. B,4.  DUAL-LASER EXPERIMENT 

The dual-laser experimental concept is shown schematically in 
Fig. JO and has been discussed in previous semiannual reports and else- 
where recently1»2.  The basic idea is to prepare a suitable plasma ion 
environment with a laser-target combination, and to subsequently pump a 
population inversion on the ions with a very fast rising second laser 
pulse0 At its present stage of development it consists of a plasma 
generated by point focusing a 2.0 J Q-switched glass laser pulse onto a 
magnesium slab target, and injection of a synchronized mode-locked 25 ps 
150 mj NdrYAG laser into the Mg-plasma after a certain delay time.  The ' 
properties of the state-of-the-art laser system are summarized in the 
previous section.  The initial laser beam is focused with a 30 cm focal 
length, f/15 lens and the focal spot size is measured using a silicon 
diode array, yielding the results shown in Fig. 31 .  First observations 
have been directed towards detection of enhanced emission indicating 
increased electron heating with the short-pulse laser and associated 
enhanced pumping. 

Meanwhile, the ionic composition of the expanding plasma as well as 
the temp|rature can be appreciated using x-ray photography and spec- 
troscopy.  Figs. 32a and 32b illustrate images of the x-ray emitting 
initial plasma obtained, respectively, with a 50 ^m pinhole and through 
a bundle of 5 cm long metallic tubes (i.d. = 400 ^m), both of which 
recorded x-ray photons of 1 to 1.5 keV.  While the former shows only 
the most intense x-ray emitting region (~ 250 urn) in the vicinity of 
the target; the latter also records rather faint x-rays originating 
from tenuous expanding plasma which extends as far as 1 mm along the 
target and 1.8 mm away from the target. A peak electron temperature 
of the Mg-plasma produced by the Q-switched glass laser may be estimat- 
ed .  from the line intensity ratio of H-like Mg XII 2p-»ls to He-like 
Mg XI ls2p-.ls lines, assuming a coronal model.  The x-ray spectrum is 
obtained using a flat RAP (2d = 26.121 1) analyzing crystal and a 
microdensitometer scan of the spectrum obtain is shown in Fig  33 
The main line features in the spectrum are those which arise from'He- 
like Mg XI and Li-like Mg X ions.  The spectrum is typical4 of a plasma 
where the electron temperature is about 100 eV.  In this arrangement 
the spectral line width is determined by the size of the radiating 
source (~ 250 |j,m). B 

A possible ionic inversion scheme involves lasing on 3p-»3s transi- 

ÜrT f0iJ°Win8 p!imPin8 from 2P levels and final rapid depopulation from 
JS-^p.  This is fl proven transition in the near ultraviolet, and extra- 
polation to the vacuum UV region has been described in previous semi- 
annual reports and elsewhere8.  Recent advances in numerical modeling 
of this scheme for ions in the carbon isoelectronic sequence are des- 
cribed in Section V.A.  This is a possible quasi-stationary inversion 
scheme, and the first stage will be to seek evidence of population in- 
version, since significant gain will require absorption of considerable 
pumping energy.  For ascertaining the existence of an inverted popula- 
tion density between 3p and 3s levels, measurements of 3p-Os ^nd 3s-»2p 
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lines will be made, with the latte.- occurring at about 1/10 the wave- 
length of the former.  In order to bridge this gap in instrument sensi- 
tivity, the 3d-*3p and 3d-»2p nearby pairs of lines will also be measured 
for a branching ratio calibration, since they originate from the same 
upper level.  This approach is indicated in Fig. 34 . 

The ion chosen for initial studies is Mg6+ (Mg VIII).  The expected 
wavelength of the 2p3s 3P lasing line has been determined by extrapolat- 
ing the known wave numbers in the CI isoelectronic sequence for carbon 
through neon.  Fig. 35 shows the plot of wave numbers for the carbon- 
like ionic species (up to Ar XIII), and one sees that the wavelength 
for Mg VII falls at 1625 + 10 1.  A 1-metür normal-incidence vacuum UV 
spectrometer with a 1,200 lines-per-millimeter ruled grating (blazed at 
1200 A) has been set up for the spectroscopic analysis, and the target 
chamber is mounted directly on the front of the entrance slit assembly. 
The distance between the target focal spot to the entrance slit is 11 cm. 
Fig. 36 shows a microdensitometer scan of a typical time-integrated 
spectrum in the region of 1400 to 1800 A, taken with a 20 shot (Q- 
switched glass laser only) exposure.  The Mg-target used in this partic- 
ular exposure contained aluminum and carbon as impurities; the AJ6II 
3-3p 1P - 3s2 1S line at 1670.8 A and the CIV 2p 2P - 2s 2S doublets at 
1550^8 k  and 1548.2 A providing excellent references.  Some of the lines 
identified so far are listed in Table 2 .  The spectrum consists of 
mostly lines arising from Mg IV and Mg III ions in this spectral range; 
however, it is conceivable that some of the unidentified lines are 
those which originate from Mg ions of higher stages of ionization.  For 
example, a weak line at 1625 A may be the Mg VII (2p3p 3D - 2p3s 3P) 
transition as predicted.  The shorter wavelength 3s-)2p (and 3d-2p) lines 
for Mg VII require grazing incidence spectroscopy.  Preliminary space- 
resolved measurements on a separate system (charge transfer experiment 
described in Section III) indicate the presence and resolution of 
these lines in magnesium. 

III. B.5.  INTERFEROMETRIC STUDY 

The lasing scheme also requires a rather careful selection of the 
time-when, and ehe location-in the expanding plasma where the second 
(plasma heating) laser pulse is injected.  This restriction results 
from a combination of a maximum electron dansity (depending on the 
element) above which the level coupling becomes collision dominated 
ind, perhaps more importantly, on a sufficiently high density t-» absorb 
the pump radiation from the short-pulse laser in a finite plasma length. 
The last condition implies densities approaching the "critical" value. 
It is therefore essential to have detailed information on the charac- 
teristics of the expanding plasma, including the electron density pro- 
file as a function of time. Unfortunately, no previous work in this 
direction has been made, particularly for the case of the line focus. 
The dual-pulse laser system was used for interferometric studies of 
laser-produced plasmas in order to obtain such experimental data.  The 
interferometer probe was done7 with the second harmonic of the mode- 
locked laser pulses, providing spatial resolution of 15 |am and temporal 



TABLE 2;     Extrapolation  of Easing Transitions   on Carbon-Like   Ions, 

ION  SPECIES 
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resolution of 30 psec.  Because the picosecond pulse was synchronized 
with a longer Q-switched pulse which was used to generate the plasma, 
the plasma could be studied interferometrically during its  heating, 
expansion, and cooling phases.  Interferometer studies were made for 
several different Q-switch pulse durations and target materials.  The 
expansion properties of plasmas created with a line focus were also 
investigated. 

Observation of the expansion characteristics of the plasmas showed 
a rapid expansion with a velocity of ^ 4 x 107 cm/sec during the heat- 
ing pulse, followed by a slower expansion and recession in some in- 
stances after the end of the heating pulse.  The initial expansion 
velocity was found to be independent of target material and did not 
change significantly as the laser intensity was varied over two orders 
of magnitude.  Spreading of the plasma along the target surface was 
observed in a pattern similar to the current distribution recently in- 
ferred by Drouet and P^pin .  The patterns observed here suggest a dis- 
tortion of the current paths in the plasma resulting in a lowered 
inductance. 

Expansion characteristics of a plasma from a line focus were 
compared with those from a point focus.  The plasmas generated fror. 
the line focus have the same initial expansion velocity as those from 
the point focus.  The elongated nature of the line focus is retained in 
the plasma during and after the heating pulse, although transver; e ex- 
pansion of the short dimension is somewhat faster than that of the long 
dimension.  In general, the plasmas thus produced appear to remain 
uniform and free of instability on the scale uf 15 ^m for the range of 
time delays which were used. 

Electron density profiles were determined lor the plasmas generated 
from the line focus at several times during and after the heating pulse. 
The electron density distribution was found to decay exponentially away 
from the target at all times, while the scale length increases at later 
times.  Density gradients up to lO21 cm"3/cm are observed at distances 
of the order of 100 |j.m from the target.  Extrapolation of the measure- 
ments shows that the density distribution must rise faster in the vicini- 
ty of the target than exponentially, if the critical density is to be 
reached in front of the original target surface. 

Comparison of the plasma expansion from a polyethylene target with 
that from the heavier metallic target shows an identical expansion 
velocity, but no tendency for the expansion to slow down after the 
heating pulse ends. (More experimental details are contained in the 
previous semiannual technical report [NRL Memo Report 3241]). 

III. B,6.  CONCLUSION 

A 30 ps, 150 mj Nd:YAG laser pulse is capable of producing a rapid- 
ly heated plasma of 300-600 eV when fncuse1 onto a slab target.  The 
physical mechanism involved is primarily inverse bremsstrahlung heating. 
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Strong 2p->ls transition lines arising from the He-like Al XII and 
Si XIII ions and the H-like Na XI and Mg XII ions are observed with the 
appropriate targets.  A numerical model (hot-spot model) has been used 
in conjunction with these experiments to study the time variation ot 
ion and electron temperatures and the ionic population densities. 
The results indicate a non-thermal equilibrium state in the early phase 

of the plasma expansion. 

In the dual-laser experiments, possible 3p-*3s lasing lines of the 
carbon-like Mg VII ion in the expected spectral region with and without 
the heating laser pulse injection have been surveyed.  The results show 
neither detectable enhancement of these lines nor any detectable 
heating of the plasma.  This indicates the heating pulse is not effec- 
tively absorbed by the plasma.  The interferometric study of the ex- 
panding plasma produced at either point or line foci of the nmosecond 
glass laser beam revealed a detailed picture of time-evolving electron 
density profile and other expansion characteristics.  Observation of 
the critical density surface was not possible due to a severe refraction 
of the orobing laser pulse at the region of high electron density 
gradient.  The critical density layer probably remains within a distance 
much less than 10 tim from the target surface.  Observation of the plasma 
in this region would require the use of a probe beam with a shorter 
wavelength than the one used here.  It is clear that the heating, puise 
at 1.06 urn in the dual-pulse experiment will not interact with the 
plasma at the critical density where energy absorption should be most 

efficient. 

The interferometric studies also showed quite clearly that with a 
line focus the region of high density of interest for these experiments 
was extremely narrow (^ 1 um) and further, that this region tended not 
to be linear. These results indicate that the picosecond heating of a 
preexisting line focus laser plasma approach would be extremely diffi- 

cult at best, if not impossible. 

A second approach to the problem is to use a single laser pulse 
for both creation and heating of the plasma.  A simple estimation 
indicates that probably a laser pulse of 1012 Watt or greater may be 
necessary in order to have meaningful amplification in the elongated 
laser-plasma medium.  Such a laser system is equivalent to or greater 
in power than most existing fusion research laser facilities. 

These results have lead to a change in approach for producing the 
required plasma.  Laser heating has been abandoned in favor of more 
conventional plasma pinch technology.  This modified approach is des- 

cribed in the next section. 
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III.  C.  HYPOCYLOIDAL PINCH DEVICE 

Referring to Fig. 20, at lower Z, the two longer wavelength 
curves pertain tc the lower densities and larger diameters more typical 
of electromagnetically driven pinch devices.  The efficiencies of such 
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de'' ices are in the percent range in contrast to laser-produced plasmas 
(tenths of percent at high temperatures) and make direct use of capac- 
itive energy storage systems in the 10's of kj to mj ranges with exist- 
ing and reliable technology.  It thus seems prudent to pursue the 
near-term goals of electron collisionally pumped vacuum-UV lasers below 
1000 A with a suitable electrically driven plasma pinch device.  For- 
tunately, a device has just recently been developed1 at NASA Langley 
and Vanderbilt University that appears ideal for this application. 
The device is shown schematically in Fig. 37 .  It is a cylindrically 
symmetrical version of the well-known plasma focus principle, in which 
the plasma implodes radially (inverse pinch) to form a high-density 
(reportedly ^ lO19 cm"3) high-temperature (^ 1500 eV) plasma on axis 
in a cylindrical (mm's in diameter, em's in length) configuration 
desirable for lasing.  The hypocycloidal current configuration original- 
ly inspirel the name for this device. 

A duplicate of the NASA/Vanderbilt successful device has been 
built for NRL (Figs. 37 and 38), and the first experiments are planned 
with an argon filling for lasing near 900 A as indicated in Fig. 20. 
Actually, various ions in such as boron-like through necn-like should 
span the 800-1000 A region, and accurate calculations are underway 
through the courtesy and cooperation of Dr. R. D. Cowan of Los Alamos 
Scientific Laboratory.  The required temperature of ~ 600 eV for argon 
is quite realistic for this device.  Amplification will be verified by 
orthogonal axial and radial spectroscopic simultaneous measurements 
with two normal incidence vacuum-UV spectrometers. 

Work on this approach, i.e., 3p-»3s lasing using a plasma pinch 
device for plasma heating, is continuing despite the termination of 
this ARPA program.  The work is being supported by NRL. 
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IV.  RESONANT CHARGE TRANSFER PUMPIKG 

The resonant charge transfer process1 for populating excited states 
of ions was chosen for investigation as a possible x-ray laser pumping 
mechanism for several reasons:  (a) the cross sectio..-' is orders of 
magnitude higher than other processes, (b) the process is selective for 
certain excited states of ions, (c) it is the one process identified 
for which the pumping rate coefficieit actually increases13 at shorter 
wavelength (X-^).  While total cross section experimental data are 
available for this process, the final excited states populated aave net 
been measured in classical cross beam experiments. 
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2. 5 cm 

Switch 

HYPOCYCLOIDAL PINCH 
FK 37 - Schematic of radially driven focused plasma pinch device invented by 
Lee, McFarland and Hol.1 (Ref. 8). The geometry Is cylindrically symmetrical with 
the disc cathodes showi separated by approximately 6 cm. Note that both ends 
are conveniently accessible for injection and observation. 
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Fig. 38 — Photograph of the assembled hypocycloidal pinch device constructed 
for NRL,   Two of the cables are shown connected in this photograph. 
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The resonance charge transfer process proceeds most efficiently 
by ion/atom interactions.  For net gain at short wavelengths, a high 
density of interacting particles is required, although again due to the 
favorable wavelength scaling and magnitude of the rate, the densities 
required are orders of magnitude less than for other processes at short 
wavelengths1»2.  The plasma dynamic theory required for predicting 
particle densities in the ion/atom interaction zone is formidable com- 
pared to the experiment envisioned, so that an experimental search for 
evidence of resonance charge transfer pumping was undertaken.  However, 
some classical Landau-Zener calculations were carried out3  to predict 
the energy levels expected to be preferentially populated for a thermal 
plasma, with the results indicating n=3-4 most favorable with n=2 and 5 
possibilities.  Again, the process is ion-velocity sensitive and these 
predicted levels can be expected to deviate for any significant non- 

thermal distributions. 

The conceptually simple experiment2'3»B is illustrated in Fig. 39. 
Targets of carbon, boron and nitrogen were irradiated6 by a laser beam 
with power up to 400 MW (8 J, 20 ns) in a point focus, and spectra of 
one- and two-electron ions were observed with a grazing incidence 
spectrograph7»8.  The line emission was spatially resolved along an 
axis normal to the target by the addition of a second orthogonal slot 
.s shown in Fig. 39 .  Initial observations (phase one) with this laser 
and a point focus were intended to gather evidence of preferential 
level population from the observation of anomalously intense spectral 
lines in the resonance series (from transitions originating on the 
pumped levels).  These experiments were to be followed by a line focus 
series in a later phase of the program, using the large NRL terrawatt 

laser facility. 

The first experiments were performed with expansion into a vacuum 
environment, and the decay of the spectral line emission and width with 
distance from the target was recorded7»8.  The relative intensities of 
the resonance series lines was found to be normal except very close to 
the ta get where self absorption of the strongest members was observed, 

as wa^ to be expected. 

The addition of a gaseous atmosphere In the pressure range of 
1-10 torr (significant absorption occurred at higher pressures for the 
longer wavelengths) required the addition of gas puffing apparatus and 
special valves for isolating and back-flushing the entrance slit of the 
spectrograph to eliminate clogging by debris.  When this was accomplish- 
ed, both visible and soft x-ray spectra revealed a distinct zone of 
enhanced density and illumination centered up to 1 cm from the target 
surface6 and not present on the spectra obtained with expansion into a 
vacuum environment7'8.  The distance of this zone from the target was 
found to be directly related to the laser power and inversely related 
to the gas pressure.  It WcxS present with carbon as well as boron nitride 
targets6 and gases of hydrogen, helium, neon and argon.  The electron 

density increased to ^ 10 17 cm"3 in the center of this zone before 
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Fig. 39 - Schematic diagram of the NRL resonance charge transfer experiment, including 
the grazing incidence vacuum spectrograph. The horizontal slot provides spatial reso- 
lution along the direction of plasma expansion from the target surface. Rotation of the 
lens permits both axial and radial viewing. The background (atomic) gas is not indicated. 
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decreasing again further out; this was estimated from the Stark broaden- 
ing of Hell and CIII spectral lines in the visible region.  From visible 
time-Integrated photographs it has been determined that this zone of 
enhancement is arc-shaped radially from the point of target irradiation 
— and possibly initiated at a particular velocity yet to be ascertained. 
The particular levels populated may be associated with a nonthermal 
radial ion velocity component not uncommon to such plasmas; such may be 
determined from time- and space-resolved spectroscopic measurements. 

Distinct features in the CV (helium-like two-electron ion) reso- 
nance series spectra were enhanced emissions from the third and fourth 
members originating on n=4 and 5 levels when a helium background gas 
was present, as shown in Fig. 40. This only was observed in the outer 
regions of the interaction zone, near 1.5 cm from the target when the 
helium pressure was 1 torr.  It also was present at a pressure of 5 
torr, from data obtained so far. This indicates that indeed there exists 
an enhanced .elative population of these two particular levels in the 
region of enhanced conditions associated with the presence of helium. 
Preferred population by resonance charge transfer in  suggested as a 
possible electron capture mechanism favoring these levels, and this 
explanation would be consistent with the apparent velocity selective 
nature of the distinct zone of enhancement for the helium atmosphere 
experiments. However, other mechanisms (e.g., dielectronic capture and 
collisional recombination followed by cascade) cannot yet be ruled out 
without further parametric studies. Clearly, however, the goal of the 
first phase of this experiment, namely to identify a region of inter- 
action and evidence of preferential level population has been fulfilled 

and the milestone reached on schedule. 

Altlough this program has been terminated, the charge transfer 
work will continue at NRL under sponsorship of NRL and ERDA .  The goals 
will be changed in order to address the problems of interest to ERDA, 
i.e., the physics of charge transfer between hydrogen and heavy ions 
in environments typical of magnetic fusion. 
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TRAVELING-WAVE PUMPED VUV LASERS 

V. A.  INTRODUCTION 

The concept of traveling wave (or swept gain) excitation, when 
coupled to low inductance flat-plate Blumlein discharge circuitry, 
produces a unique technological advantage for excitation of vacuum 
ultraviolet laser transitions. This concent, originated by Shipman1 

at the Naval Research Laboratory, has beer utilized to produce high- 
power amplified superfluorescent emission from atoms, molecules, ions 
and excimers covering the wavelength region from 6000 A to 1161 A. 
In addition, it is likely that numerous infrared laser lines were 
simultaneously produced, but these were not studied. 

The concept of traveling-wave excitation becomes vital for genera- 
tion of real gain below 1000 A.  Scully has given the concept its first 
theoretical treatment terming it "swept-gain" and has shown the effects 
of gain on the emission characteristics.  Some of these characteristics 
have been observed in our laboratory (see previous semiannual technical 
report, NRL Memo Report 3241), but the need for a more exhaustive ex- 
perimental investigation is required.  The concepts of laser lethargy, 
pulse narrowing, and the group velocity of a pulse in a uniformly or 
non-uniformly inverted amplifying medium are important for short- 
wavelength lasers. 

V. B.  MOLECULAR AND ION LASER RESEARCH 

The apparatus used to produce traveling-wave excitation is describ- 
ed in publications on the hydrogen laset0 ~8 and vacuum ultraviolet CO 
laser emission .  This system needs no further description except to 
point out that the present technology for producing high-quality 
traveling-wave discharges is not yet suitable for high repetition rates. 
At relatively long wavelengths (> 2000 A) some sacrifice in risetime and 
uniformity to simplify construction and increase the repetition rate 
can be tolerated without loss of performance, but at shorter wavelengths 
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Excimer 

Xe I 

Xe Br 

Xe Cl 

Xe F 

Kr [ 

Kr Br 

Kr Cl 

Kr F 

Ar Br 

Ar Cl 

Ar F 

Ne F 

TABLE 3 

Mil 

2560 

2920 

3240 

3860 

1850 

2030 

2190 

2560 

1610 

1720 

2670 

1070 

Observed 

yes 

yes 

yes 

yes 

no* 

yes* 

yes 

yes 

no* 

yes* 

yes 

no* 

«Indicates this report contains new results on these 

excimers 

The rare-gas halide excimers have a definite attraction both as 
amplifiers for upconverted signals and as direct sources. The traveling- 
wave Blumlein system was modified to take higher pressures aiu, to 
excite larger gas volumes in a more uniform discharge free from arcs. 
T-hese modifications worked sufficiently well to generate lasing in Xe F, 
Kr F Kr Cl, and Ar F (see Fig. 4 1). These gases had been shown to 
läse'previously and were investigated only to provide an indication of 
how veil the system would operate. Details of the operation are pro- 
vided in the preprint12 of the report (see Appendix) of the successful 
production of Ar Cl laser emission at 1750 L  Similar operation of 
the system with a few Torr of Br generated lasing in Kr Br at 2065 A. 
(see Fig. 42), but no success was obtained with Ar Br.  I" should be 
oointed oul that all of the laser emission observed was without reso- 
nators  i.a.. superfluorescent emission.  Considerable improvement 
would be expected if a resonant cavity was used, and it may make lasing 
occur in Ar Br.  The same might be said for Kr I and Ne F which also 
did not läse.  In the case of Kr I it was further hindered by the diffi- 
culty of maintaining a sufficient Iodine vapor pressure inside the laser 
chamber.  Nd F was probably hindered by the poor transmittance of LiF 
windows in the 1000 Ä region,  .ome data were taken without LiF windows, 
but other difficulties in operating the system with a He purged spec- 
tograph may be responsible for the lack of lasing.  In summary, all of 
the rare-gas halide combinations which did not läse might be made to do 
so if the experimental conditions could have beer, improved. 
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In an initial attempt to utilize the rare-gas halide lasers as 
pumps to produce tunable laser radiation, Ar F was used to pump ls 

vapor.  This idea was proposed by Murray and Powell at the Third 
Colloquium on Electronic Transition Lasers13 and follows earlier ex- 
periments by Byer14 in which 5320 A radiation was used to pump the B-X 
transitions in I2 producing many laser lines in the 5400 A - 1.3 y 
region.  In this case an Ar t  pulse (at 1930 Ä) was focused into Is 
vapor (~ 100 M Torr) in front of a one-meter vacuum spectrograph. The 
1930 A radiation populates the D state of I2, and inversion exints on 
D-X transitions where the upper vibrational levels of the X states are 
the lower laser levels.  Emission in the 2000-r.700 A region results 
(see Fig. 43). At present the evidence of lasing is the narrow beam 
of emission falling on the spectrograph slit. It should be easy to 
produce a cavity laser uüing a grating for tuning by using a cylindri- 
cal lens for pumping.  This is an extremely clean method of pumping, 
and it produces wavelengths of importance in photochemistry. 

Another application involves the use of rare-gas halide lasers as 
pumps for rare-earth doped crystals in a manner similar to that suggest- 
ed by Yang16 for Ife laser pumping. The Ar Cl laser lines observed 
could be a possible pumping source for some doped-crystal tunable 
lasers, but the attainment of lasing in Ar Br may be an exact match to 
the trifluoride crystals already studied. 

In summary, the discharge laser research conducted on this contract 
has resulted in new lasers in the vacuum ultraviolet which fill needs 
in other areas of research and which contribute to the understanding of 
principles and techniques required for the realization of -n x-ray laser, 
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VI.  MISCELLANEOUS ANALYSES 

A vital part of unis prog/am was the systemaclc analyses of a 
number of proposed pumping schemes based upon availaola atomic and 
ionic data.  The purpose was to provide direction to the experimental 
program.  Indeed, it was a direct result of such searching that the 
favorable electron collisional pumping cf 3p-3s quasi-cw inversions 
(described above) was identified and now puisued actively at a number 
of laboratories in the U.S. and abroad, including the Soviet Union. 

Considerable analysis was carried out on the photoionization of 
K-shell electrons, and the resulting invf.rsion on K-alpha transitions 
at very short wavelengths, which may be assured by ion-line shifting 
compared to the absorbing K-alpha line1»2.  This is basically a self- 
terminating laser scheme, limited in inversion inteivals by recombina- 
tion rates. New gains were predicted and the fundamental limitpxion 
was identified to be photoionization losses to the beam due to outer 
valence electrons.  Intense, well-tuned pump sources are required. 
As more and more innershell processes were included in the considera- 
tions for this approach, it became increasingly difficult to envision 
a first generation x-ray laser evolving f om such a complex system. 
Detailed rate equation numerical analyse  similar to those successfully 
developed for the 3p-3s outershell scheme wc_;d be extremely complex 
and the processes quite uncertain.  Therefore this approach was not 
followed experimentally but may be reconsidered at some future time, 
particularly it a method is developed for efficiently transferring 
intense x-radiation to small linear targets in very short bursts. 

Some numerical modeling1 was also carried out for photoionization 
of alkalis such as sodium.  The modeling was on a tir-e-resolved basis 
both with an exploding wire pump source and a traveling--^ave device. 

It has been suggested that the absorption of intense line radiation 
by overlapping lines of other species may be an efficient way of pumping 
particular upper laser levels preferentially3"5.  Some very attractive 
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and important aspects of this approach are:  (a) lasing occurs in a 
single species and is thus regenerative, so that cw operation is 
possible, (b) no Auger energy losses are present as valence electrons 
are pumped, (c) photoionization losses can be avoided, (d) the intense 
resonance lines appropriate for pumping are generally well identified 
and the transitions understood, (e) some line overlapping is recurrent 
so that extrapolations to shorter wavelengths may be possible, and 
(f) hybrid schemes incorporating the best features of photo- and electron- 
collisional excitation may be combined.  Some necessary requirements of 
this approach are:  (a) very close overlap of the pumping and the 
pumped transition is required for efficient coupling.  When not so 
close, both Stark and opacity broadening have been suggested.  These 

^22 „"3 usually lead to very high densities (<- 10""   cm ^ typically) and/or 
thick plasmas, with many particles required to be heated and large 
pump energy inputs required.  Also, (b) as with photoionization pump- 
ing, the coupling between the pump and the pumped regions must be good, 
and ideally the two species should coexist in the same plasma.  This 
requires very close Z's or at least ionization potentials.  Since an 
intense blackbody pump source is required, (c) hydrogenic i0n reso- 
nance lines are often considered as are helium-like lines.  These 
as well as neon-like ions are also desirable (for pulsed plasma devices) 
sinca tliey tend to have extended lifetimes associated with increased 
ionization potentials. 

In considering and analyzing the photoexcitation pumping approach, 
two particular schemes were analyzed and the details are included in 
a paper entitled "Resonant Photoexcitation Pumping in Hydrogenic Ions," 
which is included in Appendix A.  The first ions considered were 
hydrogenic, where a "natural" overlap in wavelength occurs between an 
n=2 to n=l Lyman-a pump line from an ion of nuclear charge Z and an 
n=2 tc n=4 absorption line for a 2z ion.  This is a hybrid (or "photon 
assist") scheme, where the n=2 level of the lasant is pumped by electron 
collisions (which complicates the analysis considerably).  A list of 
potential laser n=4 to n=3 wavelengths for ions of beryllium through 
krypton extending from 1172 A to 14 Ä is given in Table 1 of the paper 
in Appendix A.  The gains calculated are at best marginal since the 
overlap is not exact when relativistic corrections are included for 
the calculated wavelengths; and also close coupling between a very 
dense pump and a more tenuous lasant is required which does not lend 
itself obviously to convenient experiments.  Nevertheless, calculations 
are completed for a Mg XII lasant pumped by C VI Lyman-a radiation. 

Also analyzed in Appendix A is a much more promising combination 
of a hydrogenic C-£ XVII lasant pumped from n=l to n=4 (Lyman-a) 
by a Lyman- aline of K XIX with potential n=4 to n=3 lasing at 65Ä. 
The reported wavelengths are within 3 mA and the Z's are sufficiently 
close to coexist in a common plasma.  Electron collisional pui.iping 
is not required nor is Stark broadening so that the analysis is 
more exact and gains of 44 cm 1 are calculated.  This is a very 
promising scheme and will be pursued at NRL in the hypocycloidal pinch 
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device designed to produce cylindrical plasmas of centimeter length at 
high density and high temperature.  While this is a gaseous discharge 
device, it has recently been shown that efficient injection of metallic 
ions by laser vaporization is possible. 

The close K-C£    overlap is coincidental but encouraged a systematic 
search for other promising combinations.  Starting from the Ryberg 
formula for hydrogenic ions up to Z=29 and requiring a wavelength 
decrement 6X ^ 0.05 1 a simple computer program produced 68 candidates. 
A number of these are particularly attractive, with wavelength decre- 
ments less than 10 ml which can be acconmodated with Doppler broadening. 
It is intended to investigate these systematically in the new hypo- 
cycloidal pinch device6. Also, it is important to recognize that uncer- 
tainties exist in tabulated wavelengths in the 1-10 mA range, particu- 
larly between elements investigated by different laboratories.  For 
this reason it is intended that the most promising candidates will be 
remeasured under high resolution on a single experiment and perhaps 
rther less promising candidates will be reinvestigated for closer 
coincidences than previously suspected. 

In summary, photoexcitation pumping between species in a single 
medium appears very promising under the proper conditions.  The ener- 
gies required to heat a sufficient density of ions becomes again a 
practical limitation so that it is imperative that as efficient coupling 
as possible be made between the pumping ana the lasant ions.  New and 
precise checks are requirei on promising coincidences and are indeed 
planned here and in the Soviet Union, (see note in proof, p. 4). 
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VII.  SUMMARY 

During the last reporting period the shortest wavelength coherent 
radiation ever achieved has been generated.  Also major steps have been 
Tiade in narrowing the approach and concept for moving to even shorter 
wavelengths.  UnfoiLu^ately a major segment of the program ends 
here due to the abrupt cancellation of"the effort by ARPA. 

The major accomplishments during this period (since 1 January 
1976) have been: 

Nonlinear Mixing 

1. The .shortest wavelength coherent radiation ever reported has been 
generated at 53 and 38 nm.  This was accomplished via a nonlinear 
mixing process which was resonantly enhanced.  The measured efficiency 
for generation of 53 nm from 266 nm (fourth harmonic of Nd:YAG at 
106uÄ) was 10"5.  This work represents the first demonstration of 
highec order mixing process in gases. 

2. Extremely high efficiencies have been achieved for the fourth 
harmonic generation of 266 nm from 1.06(im in ADP and KD* P.  The 
highest efficiencies yet reported,85%, for conversion of 532 nm to 266 nm 
has been achieved.  The problem has been analyzed and modeled.  It 
is now possible to specify all the parameters to achieve the optinum 
conversion efficiency. 

3. A complete cancellation of self-phase modulation in 1.06^m pulses 
propagating through cesium vapor has been observed.  This represents 
the first time this has been accomplished.  The negative nonlinear 
refractive index responsible for this effect has been measured as 
n2/N = -(2.5 ± ..5> x 10 30 esu, in good agreement with theory. 

Electron-Collisional dumping 

4. Interfere .i'.eteric m«»svcements have been made of point and line 
focus laser produced pla; nas with a spatial resolution of l|.im and a 
temporal resolution of JQ pmc.     These studies have shown that due to 
large plasma density gradients the high Ic^fiCy region required for 
laser heating is very thin and usually not in a linear configuration. 
Hence the laser heating approach has been abandoned in favor of a 
more conventional plasma pinch device. 

5. A hypocycloidal pinch device has been con t.ucted and is ready for 
testing. This device should be capable &i ^reducing the required high 
density plasmas in a linear coniiguration. 
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Resonant Charge Transfer 

6. Early experiments indicate a region of enhanced density and 
illumination for specific spectral lines centered up to 1 cm from the 
target surface which may be due to charge transfer.  This is supported 
by both visible and soft x-ray measurements. 

TW Pumping 

7. The first observations have 'jeen made of laser action in ArCL 
excimers pumped by a high voltage, fast risetime Blumlein discharge 
circuit.  The new laser emits at 175 nm and operates at atmospheric 
pressure. 

Analysis 

8. An analysis has been made of resonant photoexcitation pumping 
in hydrogenic ions.  Two schemes are analyzed both based on a four- 
level laser lasing on 4-*3 transitions in hydrogenic ions of medium Z. 
One involves collisional excitation followed by photos-assist pumping. 
The other, more promising, takes advantage of a wavelength coincidence 
for pumping directly from n=l to n=4 in, e.g., Cl16+ by Lyman-a 
radiation from Kie+.  This latter scheme is being pursued experimentally 
with the hypocycloidal pinch device. 

It is unfortunate that the ARPA program is terminated at this point 
since the overall approach has been narrowed and supported by considerable 
analysis and numerical modeling.  However, relevant work will continue 
on the magnetic pinch device and the resonant charge transfer under the 
support of NRL and ERDA, respectively.  The goals and priorities, will 
change, however, particularly for the latter. 

Reprints of the major presentation abstracts and published papers 
are collected in Appendix B.  Only those for the last half of FY 76 
and FY 76T appear. Many others have appeared in previous semiannual 
technical reports.  A total of 122 presentation and publication have 
resulted from the work done under this program. 
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APPENDIX A 

Resonant Photoexcitation Pumping in Hydrogenic Ions 

R. C. Elton 

I.  INTRODUCTION 

A.  BACKGROUND 

Many short-wavelength laser approaches depend on self-terminating 
inversion schemes, in which population inversion densities are pumped 
and lasing is obtained in times shorter than relaxation times.  This 
places such severe requirements on pump sources as well as detectors, 
that many such schemes appear impractical for the x-ray region with 
present technology.  CW operation is approached when rapid lower laser 
state depletion is possible and terminates either when the pump source 
is removed or when the initial electron sink is depleted and not suf- 
ficiently rapidly replenished, as for photoionization schemes -- hence 
"quasi-cw" operation."' 

CW operation for the duration of the pump pulse is the most desirable 
mode and is best understood for levels in a single atom or ion, i.e., 
excitation pumping from a "reservoir" level followed by lasing and rapid 
lower-level depletion to the original level.  This scheme has proven very 
successful for visible/uv ion cw-lasing between levels with the same 
principle quantum number such as 3p-3s, and indeed appears most promising 
for extrapolation into the vacuum-uv region.  For shorter x-ray wavelengths, 
transitions between levels with  different principle quantum number are 
required, such as 3-2 in one or two electron ions.  However, simple col- 
lisional pumping from Is ground state does not yield sufficient gain 
coefficients for non-cavity lasing, except perhaps at very high densities. 
Here again, radiative trapping enters and further depletes the inversion 
obtained. 

Inversions in simple 1, 2, and 3 (bound) electron ions are particular- 
ly attractive because of the simplicity of the spectra obtained and the 
general lack of lossy Auger effects.  It is clear, however, that external 
pumping in addition to collisional from plasma electrons is required; and 
since selective pumping to a particular upper laser level is desired, 
resonance or near-resonance line absorption is most desirable. Also, line 
absorption is most efficient from a pump source viewpoint compared, for 

* Two schemes are included here.  The second (KCe) is the more prom- 
ising and is an object of an experiment. The first "hybrid" scheme (C,Mg) 
is very sensitive to quite uncertain collisional rates, and the absolute 
numbers given are still in considerable doubt; hence, no experiment is 

proposed for scheme (1). 
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example, to a continuum source.  Such resonance pumping based upon co- 
incidental near-overlapping lines has been suggested,^»5 but the wave- 
length matching has not always been sufficiently close for realistic 
coupling of the pump and absorbing lines.4 Also, the schemes are usually 
not obviously extrapolated to shorter wavelengths, since they are often 

based upon coincidences. 

B.  PRESENT SCHEMES 

Two schemes are discussed below, each based on a four-level analysis 
and leading to lasing on 4->3 transitions in hydrogenic ions of medium Z. 
The first(l) to be discussed involves a hybrid of collisional excitation 
followed by photon-assist pumping and requires the more detailed analysis, 
It is quite sensitive to collisional rates, but also offers a variety of 

laser wavelengths (e.g., see Table 1). 

The first scheme is based upon the very nearly exact overlap in 
hydrogonic ions between 2-4 absorption (pumping) transition in an ion 
of atomic number Z and a 2-1 Lyman-a pump line from an ion of atomic 
number Z/2.  This is indicated most simply by the formula 

where 

AE An Li   m . 
Ry Z   -9 " -5 

A-tn 

i'H-A  w   L^J i 

(1) 

(2) 

(More exact calculations have been published by Garcia and Mack. )  Re- 
ferring to the energy-level diagram in Fig. 1 and assuming degenerate 
sublevels at high densities, electrons collisionally excited into the 
n=2 state of ion Z are transferred to n=4 by absorption of Lyman-a 
radiation from ion Z/2, creating a population inversion between 4 and 3 
with a rapid 3-2 rate assuring cw operation.  The n=2 population is, in 
the lasing ion, enhanced by radiative trapping effects of its own Lyman-a 
radiation; and the n=3 population is reduced by the very lack of such 
trapping en the (Stark) broader Lyman-ß line, providing plasma densities 
are properly adjusted. Due to the near-exact transition matching in 
hydrogenic ions, this scheme can be widely extrapolated for all even-Z 
lasant ions.  Some ion examples are listed along with the 4-3 lasing 

wavelengths in Table 1. 

The second scheme (2) takes advantage of fortunate wavelength  16+ 

coincidence5 for photon pumping directly from n=l to n=4 in, e.g., Ci 
by Lyman-a radiation from K1^, thus avoiding collisional pumping (see 
Fig. 2). Wavelengths are extrapolated for ions which are multiples of 

Z=17, 19, as indicated in [ I's in Table 1 also. 
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Table 1.,  Possible Laser Lines 

Lasant Pump Laser Wavelength [A] 

Be IV 

C VI 

0 VIII 

Ne X 

Mg XII 

Si XIV 

[Ci XVII] 

Fe XXVI 

[Se XXXIV]' 

Kr XXXVI 

He II 

Li III 

Be IV 

B V 

C VI 

N VII 

[K XIX]a 

Al XIII 

[Sr XXXVIII]' 

Ar XVIII 

1172 

521 

293 

187 

130 

95 

[65]' 

28 

[16]' 

14 

^Applies to second scheme (2), 

These are the  first truly quasi-cw scheme to be proposed for the soft 
x-ray region which are also amenable to extrapolation to shorter wavelengths 
through recurring resonance pumping processes. Also,  in these 
schenes, the lasing photon energy is insufficient to cause photoionization 
fi-xi the excited states involved.  Furthermore, the pumping line radiation 
source cannot photoionize the n=2 level and does not appreciably photo- 
ionize the n=3,4 levels of the lasing ions, as will be shown in the 

analysis below. 

Lasing on 3-2 transitions following n=2 pumpout (2-4 by Z/2 Lyman-o- 
and 2-6 by Lyman-ß) is another possibility suggested but requires sig- 
nificantly more pumping power.  Supplemental pumpout of n=3 electrons 
into n=6 which could assist the 4-3 lasing would also be provided by 
Lyman-a radiation from Z/3 ions, again according to Eq. (1), in a 3- 

element scheme. 

To summarize some attractive highlights of the present schemes: 

a. The "hybrid" approach combines the best features of electron 
collisional pumping with resonance photoexcitation enhancement; 

b. The pumping resonance is recurrent so that the scheme can be 

extrapolated to shorter wavelengths; 

c. CW operation is assured which eliminates the short pump pulse 
risetime requirements and/or large replenishment rates -- invites various 

plasma devices; 
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d. No Auger losses are present in one-electron ions; 

e. No photoionization losses are present, particularly to the laser 

beam; 

f. The physics and sp^ctroscopy of hydrogenic ions is relatively 

simple, near-exact, and re! able; 

g. The resonance line pump source is nearly monoenergetic and 

therefore highly efficient; 

h.  Respectable gain coefficients under conditions compatible with 
existing technology (and often independent of Z, Ne) are expected; 

i.  The devicffi envisioned should be compact and amenable as a tool 

for probing. 

In the following sections the schemes are analyzed using established 
tydrogen-like ion physics for particular cases:  (1) magnesium/carbon and 
(2) chlorine/potassium.  These combinations were chosen from a number 
because of particular cju.patibility with current high-density plasma 
devices; other combinations can be modeled by computer.  Energy require- 
ments are also included, and experimental arrangements based upon estab- 
lished plasma principles and existing technology are described to 
complete the requirements for reasonable experimentation. 

II.  ANALYSIS 

An analysis based upon a steady-state solution of the relevant rate 
equations follows, along with resulting estimates of the net gain co- 
efficient that can be expected. 

A.  RATE EQUATION MODELING 

Referring again to Figs.  1 and 2, the rate equations affecting the 

population densities N in the three levels (labeled by subscripts) involved 
in the lasing can be written in terms of the n=l reservoir density, which 
is assumed to be constant. Denoting electron collisional rates by C, 
radiative rates by A, photon-induced rates by P, and total depopulation 
rates for a particular level by D, the rate equations are given by [(1) 
and (2) superscripts refer to the respective schemes.] 

^2 = Nj Cl2 + N3 (A32 + C32) + N4 (A42 + P42
(1) + C42) - N2 ü2 - 0,  (3) 

dt 

dN 

dt 
3 = N1 C^ -f N2 C23 + N4 (C43 -f A43) - N3 D3 = 0, (4) 
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Fig. 1 — Energy-level diagram for Z and Z/2 hydrogenic ions showing principle processes 
essential to the present scheme. Characteristics for the Mg/C combination are indicated. 
Other processes are included in the ra*. t-quation analysis in the text. 
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Fig. 2 — Energy-level diagram for hydrogenic ions of potassium and chlorine showing 
principle processes essential to the present photon pumping scheme. Note the almost 
exact overlap of the optically thick Lyman-a pump line and the Lyman-7 absorption 
line. 
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and 

dN 

dt 
4 " Nl C14 

+ N2 (C24 + P24) + «3 C34 - N4 D4+ N1 
(2). 

14 
0. (5) 

Furthermore, in writing the D's, electron collisional ionization rates 
are denoted by I, photoionization rates by I; A' = AsCO is used, where 
g(T ) (not to be confused with the statistical weight factor g or the 
effective Gaunt factor <g>) is the '»escape factor" approaching zero with 
large optical ~epth (T ) at line center and unity for optically thin lines 
of small T  [only the resonance lines have g(To) significantly less than 

unity],  TRUS 

D2 " k  21 
+ (c21) + c23 + (c24 ) + I2 + P24, (6) 

D, - A' „ + AQ0 + (C^) + (C32) + C34 + I3 + (Ip3), 31 T 32 T v 31 

and 

(7) 

'J'  .  (2) 
D, = A' ,, + A,, + A,, + (C..) + (C,,) + C,3 + I, + (I 4) + P42  + P 41 T "42 T "43 T v"41 

,42; + ^ T x4 -r ^p4; T r42 T .41 (8) 

In Eqs. (6)-(8), parentheses are used to designate relatively insignifi- 
cant rates for the numerical analyses of the particular cases chosen. 

B.  FORMULAS 

The following formulas and sources were used in deriving the neces- 

sary rates for the above equations: 

1.  Electron Collision Induced Rates. 

Born 

The collisional excitation rates for An ^0 derived from 
"effective Gaunt factor" formulation 

c   = N 1'6 x 10"5 (M <g> exp (" AE**/m 
An   e   - "" "■ 

-1 
sec  , 

the Coulomb- 

(9) 

where /.  is the absorption oscillator strength, <g> is the appropriate 
Gaunt factor, and the excitation energy AE^ and AT are in eV.  For 1-2 
as well as 1-3 and 1-4 transitions, the C's were scaled up according to 
more detailed calculations. »  Corresponding deexcitation rates were found 
from detailed balancing according, e.g., to 

C21 - C12 (g1/g2) exp ^AE12/ftT) (10) 

with g , g2 the statistical weights 2n = 2, 8, respectively. 

*Also, Landshoff & Perez, Phys. Rev. A, 13, 1619 (1976) and Davis & 
Whitney, J. Appl. Phys. 47, 1426 (1976) for scheme (2) rates in Table 5. 
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Collisional ionization from excited states n were calculated from 

!' 

I = N 9 X IQ"7 ßexp (-V /*T)  sec"1, for p = 3 
n   e\~7^r' 

(ID 

with the ionization potential X, = Z Ry/n and y ftT again in eV units. 
These ionization rates are in close agreement with cross-section calcu- 
lations for carbon ions. 

2.  Radiative Rates with Trapping. 

It is important that there be strong radiative trapping on the Mg 
Lyman-a line to increase the n=2 source level population density.  Like- 
wise, it is important that trapping be reduced for the Lyman-ß line to 
reduce lower laser level population density.  These are achieved with 
Stark broadening, since the Lyman-ß line is considerably more Stark 
broadened at increased charged-particle densities. 

Radiative trapping effects may conveniently be introduced  with a 
modified spontaneous decay rate A^AgCT ), where g(T ) is the so-called 
"escape factor" derived from the optical depth at li8e center T .  The 
latter is given for a lower level density N. by 

T = (2K 
o 

ro C) ^ N* L(V d' (12) 

Here d is the (least) depth of the plasma in cm and L(a) ) is the line 
shape factor at the central angular frequency UJ , which0for Doppler 
broadening is 0 

L(a.o)  = m \o_ /W\ 1 
2rtc   \ rt ^   wD( X) 

0.47 
\o 
2itc wDa) 

(13) 

where  wD(\)   is  the half-half-width of  the  line. 

For Stark broadening 

L(u) ) = S( 
o'   v 

. (da\ (d\\       X2o  c.  , 
^c^ \d\) [d^f -ÜTT S(ao) » (14) 

where S^) is the reduced Stark profile parameter at line center in 
terms of o- = |AX |/F0 and F0 = 2.61eN

2'3. This can be rewritten as 

L(0)o) 
2 (ak) 7 

2rtc  w (X)  V
Qo) K0'26    J^   F-m ' 

s s 
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where the subscript H refers to tabulated hydrogenic values, since S(Q' ) 
scales approximately as 7?  and a./« as Z"-5.  (Actually He values were 
used.)  Therefore, from Eq. (12) 

rtro / N£ Xo (0-25) 

Ws(X) + 0.5 WD(\) 
cm 

-1 
(16) 

From this may be found T and then g(T ) from the graph in Fig. 3. The 
depth remains a variable here and can Be adjusted to give the desired 
ratio of escape factors for the Lyman-a and -ß lines, within reasonable 
experimental limits. 

3.  Line Widths. 

The line widths are not only important for ascertaining the optical 
dapths of the resonant lines as above, but also for the laser line in the 
gain equation and for overlapping and matching the absorption line 
with the pump line . 

The Doppler half-half-width in A units is given by 

wD(\) = 3.8 X 10"5 \  (fiT/n)1/2 , (17) 

where in this case the wavelength X is in A units, ftT is in eV, and ji is 
the atomic mass number. 

For Stark widths associated with perturbers p, it is at present 
necessary to scale from calculated values for hydrogen and ionized helium 
as follows: 

2/3      Z 
oc JL 

„  Z    /N \ 

s    zily 

1/3 

N 
2/3 

o-F, (18) 

1/3 
But fv ^ N    from the tabulated values, probably due to additional 
electron Broadening at high densities.  Therefore, it is assumed that 

w oc N /Z- 
s   e 

(19) 

High-density calculations for He  (and H) then yield the values listed 
in Tables 2 and 3 by extrapolation. 

4.  Photoexcitation Pumping and Photo-bcc-xcitation Rates. 

The very important resonance absorption pumping process occurs at a 
rate P-, given by (1 being the lower level) 

th " N
n JCCTü4(v)dv ' (20) 
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Fig. 3 - The "escape factor" g(r0) as a function of the optical depth T0. 

This factor relates the transition probability Aem to A'^ and is important 
for high-opacity conditions. 
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where a(v) is the absorption cross section for the i-4 transition and N 
is the pumping photon density assumed constant over the absorption line6 

profile and also assumed to originate from a blackbody source of uniform 
intensiv:, -^er the absorption line and at a temperature T . The absorp- 
tion integral may be written as: 

?4 kM  c JaM(v)dv = f 
8rtv' 

(21) 

The photon density N    may be obtained from the blackbody flux  i  fergs/K's- 
ster-sec-cnr]   formula as 

» 1        2rt       ,      2«       2hv      r -1 Np = ITv ' T '   $ = hT, • -T-    fexp(hVttTB)-l]     l (22) 

where a IK  collection solid angle is assumed.  Thus from Eq. (20) 

P«, = 
1 84 

14 " 2 g~ ^ fexp (h^^TB)-l] "  , (see Tables 3 and 4), (23) 

where g4/g^ = 4 or 16 for schemes (1) and (2), respectively, 

Photo-deexcitation P4i from 4 to i, or induced emission, is also 
pocsible, for the which the cross section is related by 

aMi = CT
Je4 (W = CT

Je4 ^i1^ • 

Thus from Eqs. (21) and (23), 

(24) 

\i 
%Jt 

-1 
" -Jf exP[(hv/ftTB)-l] " , also in Tables 2 and 3. (25) 

It is important in using these rates that pump and absorption line overlap 
be maintained, and the plasma parameters were carefully chosen with this 
in mind as discussed in Section II.C. 

5.  Photoionization Loss Rates. 

Photoionization from the upper lasing state or from the source state 
labeled 4 and 2 respectively here, are potential losses that must be 
considered in any short wavelength laser scheme.  Both the pump source 
and the lasing emission are potential sources for consideration. The 
laser photon energy 

hv43 = z2Ry [I - B] ■ 0-049 z: Ry (26) 

is clearly less*than the ionization energy Z2Ry/n2  for either n=2 or n=4 
so that photoionization by the laser beam is impossible.  The pump source 
photon energy is given by 

'Even  considering ionization energy lowering. 
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2 „ 
|l - T], where £ = Z/2(1) or 19Z/17(2) (27) 

and could cause„photoi aization from n=4 as well as n=3 with ionization 
energies 0.06 Z^Ry and 0.11 Z2Ry, respectively. The latter will be more 
probable [see Eq.(28)] and in fact could assist in lowering the density 
N3 (if the rate were of sufficient magnitude).  Thus, the rates I , and 
Ip3 are included in Eqs. (7) and (8) and need evaluation here.  P 

For hydrogenic ions, the Kramer's formula sufticies so that 

64it e mZ 
n«  T/T ,6 3  3 

3/3 ch v g n 

and equals 2 x 10"17n"5 for Z = 17, or  6 X lo"20 and 2 X lO-20 for 
n=3 and n=4, respectively — amall values. Following Eqs. (20)-(23), 
the photoionization rate due to the pump source radiation becomes 

(28) 

,,,-,  5 10 ,4 
r  «    Jt  e m Z 
pn "  /jr IJa 3 

3/3 c h v g n 
[exp (W^T )-l] 

(29) 

or 

pn 
660

5
Z   exp[(hv/ftTB)-l] 'l (30) 

which is negligible. 

C.  ENVIRONMENTAL PARAMETERS 

5+ 11+ 1. Scheme (1):  e,c  pumping Mg 

In order to evaluate the above rate formulas for the specific Z=12, 
Z/2=6 combination, the electron density N , the («qual) electron and ion 
temperatures T, and the diameter d must be specified. The length L also 
becomes a consideration when the gain and pump power are estimated. 

For the Mg plasma lasant, 

hi  = 1460 eV = hv. 

20 
N = 3 X 10  cm e 

d = 400 um 

L = 5 mm 

12 
■3 
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V 

were cnosen.  The temperature was so designated for maximum collisiona 
excitation rates and consistant with optimum concentration of Mg   lot*. 
The electron density was chosen at a value below critical density at 
which interferoirctric measurements should be possible; high values are 
desirable for increasing the n=2 source level population density. Another 
reason for limiting N to 3 X 1020 cm'3  is to prevent excessive Stark 
broadening of the 2-4 transition which must be pumped by a normally 
rather narrow C VI Lyman-cv line. The separation of these lines is 0.04 A 
so that some Stark broadening of the Mg line is necessary, and the density 
chosen was thus a compromise for these particular ions.  (Table 2 shows 
actual widths.)  The diameter was chosen as 400 ^m to make the Mg Lyman-cv 
line optically thick to maximize radiative trapping and thereby reduce the 
effective n=2 decay rate through a lowered g(lo).  Effective cylindrical 

geometry then dictated a length of about 5 mm. 

For the C VI pump plasma, 

ftT . 300 eV 

22  -3 
N  =10  cm 
e 

d  = 200 ijim 

were chosen for maximum blackbody emission and sufficient optical depth. 
Further increases in !„ depletes the fraction of C^ ions compared to 
stripped ions which isestimated by the Saha relation at these densities 

by 

N(C*)  = N    (ML) 3/2    exP(y /m m 3,2 X 10"3   . (31) 
N^) eUT/ 

Sufficient optical depth is necessary to again achieve both a blackbody 
level and overlap between the Mg 2-4 absorbing transition, which has a 
half-half-width of 0.09 A according to Table 2, and the 0.1 A Stark 
broadened C VI line shifted by 0.04 A.  For a Lorentzian wing profile, 
the width of the optically thick C VI Lyman-a line scales approximately 

as T1'2 so that the requirement is 
c 

Ool/T ;> 0.09 + 0.04 - (32) 

For T/d = 90, from Eq. (16) and including Eq. (31), this sets the diameter 
of the carbon plasma, as -200 ^m.  If larger dimensions prove feasible, 

T could be raised for greater gain. 
B 

It is with these parameters that the collisional rates listed in 
Table 4 and the radiative rates listed in Table 2 are calculated for 

scheme (1) • 
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2.  Scheme (2): K1&f Pumping c/6"1" 

A particular attraction of this scheme is the closeness of the 
Z-values and the possibility of using a single plasma mixture as well 
as the close wavelength match.  The parameters chosen for analysis are 

ftT = 2000 eV 

,A20  -3 
N = 10  cm 
e 

d = 1 mm 

L = 1 cm 

The wavelength difference between the K XIX Lyman-* pump Unhand the 
C XVII Lyman-y absorption line is very small, namely 23 X 10  A. an" 
sufficient overlap (~ i) is achieved by Doppler broadening as indicated 
in Table 3; this factor was included in calculating P14 and ^l 

tro"  .7 
Eqs. (23) U (25). Also, at a density of 1020 c^  the collisio^limit 
is above n=7 and coronal ionization equilibrium conditions apply. 
Under such conditions, a temperature of ftT=2000 eV results in about 40/o 
abundance?'l5 of the desired ionic species for each of the two elements 
involved, the remainder being in helium-like chlorine and stripped 
potassium ions.  A diameter of 1 mm was chosen to assure that the pump 
line becomes optically thick (T-2, Table 3) for the blackbody model 
chosen; the factor [1-exp (-T)] = 0.8Ö was also included in P^ and P^ 
Again, a reasonable aspect ratio requires a length of about 1 cm. 

With these parameters, the collisional rates listed in Table 5 as 
well as certain radiative rates given in Table 3 were calculated for 

scheme (2). 
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Table 5 

a      b 
Electron Collislonal Rate Coefficients and Rates for Cl [Scheme (2)] 

10     c 
Transition   10 (C/N ) 10-10Cd   1010(I/Ne)

C io-10id 

1-2 

2-1 

1-3 

3-1 

M 
4-1 

2-3 

3-2 

2-4 

4-2 

3-4 

4-3 

2- oo 

3- oc 

4- oo 

0.070 

0.078 

0.011 

0.0065 

0.0050 

0.0019 

1.44 

0.84 

0.26 

0.097 

6.8 

4.1 

0.37 

1.1 

2,2 

3 For N = 10 0 cm-3 e 
b ftT = 2000 eV 

c 3-1 
Units:  cm sec 

Units:  sec 

[See footnote p. 7 also.] 
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f. 

D.  EVALUATIONS 
5+    *  «-.ll* 1.  Scheme (1):  e,C  Pumping Mg 

The steady state solution of the three rate equations (3) (4) and 

m for the three unknowns N^. N3/NI. ^d N2/Nl ^/^ff^Zln 
ind will not be written out Lvl.    The numerical results for scheme (1) 

areff 
N
A -2 (33) 

-it = 1.0 X 10 V ^ 
Nl 

N 

N 

lo -4 } = 8.1 X 10 
(34) 

— = 3.8 X 10"2 
Nl 

(35) 

The first two are the critical density ratios for inversion and enter 
the gain coefficient (oO equation as 

.2 

a '43  Sir 
43 .  N 
Av  43 "l 

N, hh 
N1  g3 N1 

(36) 

.*% 

X 43 A43 
87tc  2w 

N, 
43 

N4  16 N3 
N, 9 N, 

— — 

where H, is the ground state density of Mg11+ ions, related to Ne and the 
stripped-ion density N by 

N « (Z - 1) N1 + Z N1 (Ng/Nj^). (37) 

13, 
If coronal equilibrium relations are applied, ^7^3 is found, so that 

N = N /47 = 6.4 X 10 
1   e 

18 

Equation (36) gives'4 

a^3  » 5 cm 
-1 at X43 = 130 A 

and 
I7l = exp (oL) = 12 

(38) 

(39) 

(40) 

for L = 0.5 cm. 
* For Stark broadening, ah3  can be shown to be approximately constant 

and independent of density and Z. (^q\.(Lo)  are still 
* The absolute numbers given in Eqs. (33)-(35) and (39)-(^0) are 
uncertain at this writing - see top of next page. 
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This gain coefficient could change with more careful optimization 
of temperature, density, and the blackbody-putnp temperature; which is a 
job for a computer model, particularly since so many rates enter. 

2.  Scheme (2):  K18+ Pumping Ci16+ 

The numerical results from solution of the rate equations [and 
corresponding Eqs. (33), (34), and (35) for scheme (1)] are 

N 
4 -1 

= 3.4 X 10 J- (41) 

N3 -2 
T^ = 4.7 X 10 
Nl 

(42) 

N 
2 -] 

3.8 X 10 (43) 

which are considerably larger than for the hybrid scheme and much less 
dependent on collisional rates; hence, more reliable. 

The gain coefficient for C£  XIX is calculated from Eq. (36) where 
Ni = 0.4 N^ and NT is defined as the density for either chlorine or 
potassium in equal proportions.  Thus 

Ne/N «0.4(16) + 0.6(17) + 0.4(18) + 0.6(19) 
Ci- 

(44) 

or 

N1  = 0.4 Ne/35 = 1.1 X 10
18 cm"3 (45) 

[corresponding to Eq. (38) for scheme (1)].  For the narrower Doppler- 
broadened line here, the gain coefficient becomes 

cv « 44 cm  at X. „ = 65 Ä 
.         43 (46) 

and 

44 
l/lo = exp (ah)  = e  (saturated) 

for L = 1cm.  This large gain coefficient indicates a considerable dee 
of flexibility in design. 

ree 
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III.  DEVICE REQUIREMENTS 

The device parameters listed in Section II. C. center around a 
lasant and a pump source, with the former "seeing" at least 2it solid 
angle of the latter. Several approaches for generating appropriate 
high-density small plasmas suggest themselves, particularly since cw 
operation removes the short risetime requirements. 

The energy densities stored in the plasmas are given in ergs/cm 
for scheme (1) by 

Mg: (Ne + Ni) ftT + NjX = 8.4 X 10 
11 

C:  (Ne + K.) ftTB + N.X = 7.2 X 10 
12 

(47) 

(48) 

and for scheme (2) by 

KCi: (N + N.) #1 + NX * 3'7 X 
G     X X 

10 ii (49) 

which are equivalent to the plasma pressures.  These may be compared to 
the pressure exerted by a 10 MG magnetic confinement field (same units) 

I: • * * -11. (50) 

In spite of the difference in pressures for the carbon and magnesium 
plasmas in scheme (1), the expansion velocities v and the radial expansion 
times t (to desired radii) at peak temperatures 

Mg: v « 10 cm/sec, t « 2 ns (51) 

and 

C: 6 X 10 cm/sec, t « 1.7 ns (52) 

are comparable. This is important for expanding-plasma inertial confine- 
ment devices. 

Multiplying by the volumes given in Section II. C, the plasma 
energy requirements become from Eqs. (47) through (49) 

Mg:  E = 53 J (53) 

C: E . = 110 J 
min 

KCi:  E = 1200 J (radius = 1 mm) 
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For electromagnetically driven pinch devices such as proposed here, 
these are very reasonable energies and pressures; since a conversion 
efficiency from capacitor to plasma of 4 percent can be expected with 
staterof-the-art technology,1^ and multi-megagauss fields are not uncommon. 
For laser-produced solid-target plasmas, the conversion efficiency drops 
sharply with laser power after plasma temperatures in the 300 eV range 
are reached, so that kJ lasers can be expected to be required, 

IV.  SUMMARY 

In brief, these analyses indicate that photon assist of electron- 
collisional pumping is marginally promising at best, since collisional 
effects tend to dominate at the high densities required both to capitalize 
on Stark broadening and to achieve wavelength overlap of the transitions 
involved. Also, the lower blackbody temperature associated with the Z/2 
pump source limits the amount of photon pumping available. 

On the other hand, purely photon pumping is most promising in a 
flt-uation such as found for K+CJL,  where an almost exact wavelength match 
occurs.  The density can be lowered, with Doppler broadening providing 
overlap, and collisions become of minor importance.  The analysis is more 
accurate and reliable then. Also, the higher-Z potassium pump source 
produces a higher blackbody line and more inversion along with higher 
gains. This scheme therefore looks very promising. Other such coinci- 
dental overlaps have recently been found to occur and will be 
of future investigations. 
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K X-RAY EMISSION SPECTRA FROM A HIGH POV7ER DENSITY PLASMA 

T. N. Lee 
U.S. Naval Research Laboratory 

Washington, D.C. 20375 

Vacuum spark discharges have been used as a source of EUV and x- 
radiation since at least the 1890's [1]; however, in spite of its long 
history, this extremely simple device still finds a place in the modern 
laboratory.  In general, when such a device is operated with an in- 
creased energy input, it i; known [2], [3], [4] to emit the K x-ray 
radiation of highly stripped, high-Z atoms.  This line radiation origi- 
nates from one or more small (~ 10"9 - 10~7 cm3), high-temperature 
(~ 107 - 108 0K) plasmas.  The x-ray energy density (in both line and 
bremsstrahlung radiation) in such a plasma volume reaches a value of 
106 - ID8 J/cm3 in a time interval of about 5 x 10"ä sec, giving a power 
density of IG14 - 101R watts/cm3 [5],  In addition to the highly concen- 
trated hot plasmas, the discharge also produces somewhat cooler, low- 
energy-density plasmas.  Accordingly, the integrated spectral contribu- 
tions from all the components of different plasma temperatures and 
states makes it difficult to unambiguously interpret the spectra obtain- 
ed, unless one can also produce spatially resolved spectra with a reso- 
lution of a few tens of micrometers.  Another difficulty in understand- 
ing the x-ray spectrum obtained with multiple discharge exposures is a 
consequence of the shot-to-shot nonreproducibility of the discharge, 
i.e., such spectrum is an integration of a large variety of spectral 
features emitted by individual discharges. 

In this study, space-and-time-resolved K x-ray line spectra emit- 
ted by a vacuum spark plasma are analyzed in order to better understand 
the physics of the x-ray spectrum.  These spectra are obtained with a 
single discharge exposure.  The vacuum spark source used here is a laser- 
pulse-triggered discharge and is essentially the same device used in the 
previous investigation [6],  The capacitive discharge takes place be- 
tween a bullet-shaped anode tip and a relatively flat cathode which is 
separated from the anode by a gap of approximately 5 um.  The anode 
material used here is iron.  After triggering, the discharge current 
reaches its maximum value of 250 kA in about 2 |isec. A flat LiF analyz- 
ing crystal is used, and the spectrum is recorded on Polaroid film in an 
XR-7 film back.  Spatially resolved (in an axial direction) spectra of 
the discharge x-ray emission is obtained by simply mounting a 150 to 
250 [jim-wide slit (oriented perpendicular to the discharge axis) onto the 
x-ray window (125 (am-thick Be-foil).  Pinhole (SO ^m in size) x-ray pho- 
tographs are also taken simultaneously with e^ch spectral exposure to 
aid in the interpretation of the spectral data.  Fig. 1 shows three 
microdonsitoaeter tracings taken by scanning across three different axi- 
al locations of the discharge gap in a space-resolved spectrum.  The 
three locations correspond respectively to a plasma cloud near the anode 
tip (1st trace) and two axially well-separated (600 \xm  in distance) 
point plasmas viiich constitute the main x-ray emitting plasmas in this 
particular run.  The 1st tracing suggests that the plasma cloud emits 
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predo'uinantly Ka-type transition lines mainly from Fe II through about 
Fe X, according to the normal line intensity ..atio between a Ka and Kg 
line.  One of the point plasmas (2nd trr"ce) is hot enough to produce 
the 2p-»ls transition lines of Fe XXIV, Fe XXV, and H-like Fe XXVI ions; 
whereas the other point plasma (3rd trace, the farthest from the anode 
tip) does not emit these lines.  Negligibly weak Kß-type (3p -» Is) lines 
in the 3rd trace, however, indicates that this relatively cool point 
plasma emits predominantly Ka-type lines arising from Fe XI through 
Fe XVIII ions.  It is likely that the main contribution to this feature 
may be Fe XVIII ions which are produced by innershell ionizations of 
Ne-like closed-shell Fe XVII ions.  Examination of a number of pinhole 
x-ray photographs and spectra obtained indicate that a single, isolated 
hot point plasma is rarely produced but generally accompanies a cooler 
point plasma (or a small cloud) occurring; in the immediate vicinity 
(< 25 - ~ 100 ^ra).  For instance, the point plasma which produced the 
spectrum indicated in the 2nd tracing of Fig. 1 is surrounded by a small 
plasma cloud, according to the monitoring x-ray pinhole photograph. 
However, on several occasions, we were able to obtain spectra emitted by 

ft UK  . 
ll' - ls2p 

Ft XXIV 

ll'nJ - ls2pn« 

FeXVIII - Ft II 

Fe XXIV 
IS'ni'-Uapn.'- 

Fe XXV 
IS'-l, Jp 

VACUUM SPARK 

SOLAR FLARE 

NRl-OSO 6 

*))iSV, 

Fig. 1 - Microdensitometer scans 
of a space-resolved K x-ray spec- 
trum of iron.  Scan 1 is taken 
at the plasma cloud near the 
anode, and scans 2 and 3 are at 
two separated (600 ^m) point 
plasmas, respectively. 

Fig. 2 - Microdensitometer scan of 
a space-resolved K x-ray spectrum 
emitted by a well-isolated point 
plasma.  Also öhown is a corres- 
ponding Fe x-ray rpectrum I?] of 
the solar flare for comparison. 
Note the negligibly weak Fe II Ka 
line in both cases. 
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what is believed to be an isolated point plasma.  Such a spectrum is 
shown in Fig. 2, where a microdensitometer scan of the point plasma is 
shown along with a corresponding Fe spectrum [7] of the solar^flare 
(NRL-OSO 6) for comparison. Note the strong Fe XXV ls2p -+ Is and 
Fe XXIV ls2p nX -» Is2 ni  lines with negligibly weak emission of the 
Fe II - Fe XVIII Ka and Kß lines.  This result contradicts the previous 
assumption [8] that a laboratory transient plasma inevitably produces K 
transition lines of lower stages of ionization due to the extremely 
transient ionizing condition (in this experiment, ~ 10" sec).  On the 
other hand, the result is in good agreement with a recent study by 
Feldman, et al. [9], who deduced the spectral contributions from a two- 
temperature plasma based on space-resolved x-ray absorption measure- 
ments.  Time-resolved x-ray line radiation of Fe XXV ls2p -» Is' and its 
satellite lines are obtained by properly positioning an x-ray detector 
and a slit at the film plane of the crystal spectrometer.  The data is 
analyzed by comparing the signals with the simultaneously obtained pin- 
hole x-ray photographs or the space-resolved spectra (time integrated) 
obtained with the second LiF analysing crystal.  The result will be 
described. 

I would like to thank Mr. R. H. Dixon for reading the paper and Dr. 
R. C. Elton for helpful discussions. 
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CO>ggKSAIIOg Or   SELF PHASE MODUUMION BY CESIUM VAPORS 

R,   H.   Leh=bsrg,   J.   Reintjes  and  R,   C.   Eckardt 
Naval Research Laboratory,  Washington,   D.C,   ^L>313 

(2G2)  767-2^50 

ABSTRACT 

We have observed a significant reduction of Nd:YAG 

laser-generated self phase modulation by propagating the output 

pulsts through a cesiun vapor call»  The limitations of this 

technique are discussed, d.'d . related pulse shaping experiuent 

will be desc-ibed. 

-Work supported by U.S. ERDA and ARM. 
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CCMJI^JATIO.; OF STW  PHASi XODUIAIION 3Y CESIUM VAPOR, R, H, Lehffibfctt, et al 

p.ASa^tlv '-'e re^crztd the obseir.'ation jf self defocusing of code locked 

l.Co li pulses In cesium vapor, and attributed it pricarily to the nearby rwo 

phecon rjsor.snce vith t'r.s £s-~s levels."  The corresponding negative value of 

n„ was measured at -l.~  X IC-"" N, in reasonable agreement with the calculated 

value of -2.52 X IZ'3'   X.  Since the useful output power of large Nd laser 

s-ste-s is ordinarily limited by self focusing and self phase modulation (SPM), 

the existence of this negative n^  raises the possibility of iticreastng the 

pever bv using Cs vapor for conpensation.  Here, we report the first observation 

of partial compensation of the S?M generated in a Nd:YAG laser systea. 

The laser radiation consisted of single pulses of FWHN duration t = 50 pstCj 

as measured by a 5 psec resolution streak camera.    The bandwidths were broadeiisd 

to --5 en"1 by 5PM in the YAG amplifiers, and the integrated spectra had the 

doub! ;-huzp?d apjesrance (Fig. la, c) expected for a chirp of this oagoltude. 

The c:.ll-:-atec bean, with a peak on-axis intensity I ■" 1.9 GW/cm2, propagated 

through a total path length -L ■ SCO en in Cs vapor.  Its diameter was relatively 

larae (1 en) in order to avoid whole-bean self defocusing effects.   The integrt-e: 

s-ectra of the input and output pulses were recorded by directing a portion of the 

center cf e*=h bean through a 1-a grating spectrograph onto an image converter 

ca.-trs :~erarin- in the screak node adjusted for a 1 nsec re.'.olution acd IZ   nsec.'c: 

s-.ie? rs:«.  A 12,5 n?ec pulsa separation allowed the input and output spectra 

to b« cd-parrd en the sane filr. (e.g. Fig. 1).  The spectral resolution is 

-_ -t.     i-  th4 ohES« -'emulated «sectrua of the incident pulse r.ives a 

ra,..-_._ c%i-- width of .V.  -■-.3 cr."-. Which corresponds to a peak on-a>:i5 
c 

«u,-,   -•-.,•--   2  js'o-re   t*J   t   fi.oS ■"" £.5.      In   the  output   pulse,   the  double-huTp 
r -    ^ - c   -3 

119 



CC:-:?D;SAIIO;H O? SELF PHASS üODUIJ^TION BY CESIUM VAPOR, a, H. Lahnbtrg, ot a! 

har- disappeared, ani  iv lias been reduced to 8,7 en -j hence, ^out  "" 5-3. 

The phase reduction B ,  - B =- -5.? is in reasonable agree-ent with the 

sd value *3 = cn2a,I--/>c - ■4.9 calculated fro:3 ^ = -  l.k  X 10 ^ N neasur 

previously. 

tha Myaaetry in these spectra arises froa asyr--?etry in the laser pulse 

thipt. Since the pulsä changes shape within the Isser, the output intensity 

variation - dl/dt does not correspond exactly to the instantaneous chirp 

frequency. Moreover, some beata degradation due to snail scale self focusing 

was evident in the aora intense pulses. It is therefore unlikely that the 

SPM can be conpletely cancelled by a single Cs cell at the output, i.e., one 

should compensate after each ainplifier stage before self focusing and pulseshape 

changes become appreciable.^ 

Additional experiments are in preparatioa to do the Initial pulsechirping 

With CS rather than in the amplifiers.  This will allow better control of 

small scale self focusing and will ensure that the pulseshape remains the 

sa-e in the chirping and compensating elements; hence, a nearly complete 

phase compensation should be attainable.  In a second experinent, the negative 

S-v dus to the cesium cell alone will be used to study pulse squaring effects 

In a erating pair. 

R."FE?>'KC1S 

1.  R. K. Lehmberg, J. Relntjes, and R. C. Eckatdt, Appl. Phys. T.ett. §2, 

r- CUT-)! ?hy». R6v. A (March 1575). 

fe. R. c. Eckardt, C. H. Lee, anc J. N. Bradford, Opto-electranlca 5, 

6- (l?^). 

.o.-.mD = : 

(Sspt i;-5) r- i5-K. 

C. Ic'.r.'t. NRL »OC Rpt. ilV 
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C0M?i3SATlCS OF  SELF PHASE XODUIATIOM BY CESIUM VAPOR,   R,   H.   Lebnbfrg,   et  al 

ngUgj  CAPTIONS 

FIOURE 1     Integrated  spectra of pulsesat  the Cs  cell   input  (lower  tracs) 

and  output   (upper   traces):   (a)     erpty cell;   (b)   N a 3.7  X IJ       C3 

with  a  snail  double pulse   (I < . 15 W/CCJ
2
)   which  regains  essentially 

tice-bandwidth  limited;   (c)     N o 5,7  X  1016 en 3,   showing a reduct3r>c 

of  the  SPM bandwidth  of a  pulse  of Intensity  1.9 GW/cm  , 
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Compensation of Self Phase Modulation by Cesium Vapor, R.H. Lehmberg, et al (202) 767-2730 

H 10 cm" 

.n= 

r 

(a) (b) (c) 
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VUV, X-RAY AND Ml 1 Al VAPOR LASF.RS 

cathode at the appropriate angle tor Rowland eirele lo- 
cussint;. 

Initially when there is no population inversion the tran- 
sitions are very intense. Population inversion occurs at a later 
st.nte of expansion and cooling when the lya and Lj'(5 inten- 
sities are much reduced. The extremely high sensitvity of 
die VUV streak camera [4| makes it possible to record the 
subnanosecond scale temporal variation of the l.ya and l.yfi 
intensities through to the inversion phase. 
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R4      AN ELECTRON-COLLISION PUMPED QUASI-CW 
SOU X RAY LASER USING HELIUM-LIKE IONS 
L.J. PALUMHOand R.C. ELTON 
Naval Research Laboratory, Washington, DC. 20375. 
USA 

A s'eady-state analytical plasma model has been applied to 
a quasi-cw electtou-collisional pumpinj   cheme for produc- 
ing soft x-ray lasing on the 3s lS -> 2p 'P transition in helium- 
like ions. The estimates of pump power requirements, gain 
coefficient, and optimum element indicate that lasing may be 
obtained in the 20-70 A region with a gain of > 10 cm     in 
moderate-/ plasmas under conditions existing in present and 
lorthcoming pellet fusion experiments. The ls3s   Supper 
laser level is pumped by electron collision,il cxcilalion trom 
the Is2 'S ground level, lasing takes place b> transitions into 
ls2p 'P, and rapid ls2p ' P   • ls: 'S decay prevents self ter- 
mination, i.e., quast-cw operation is expecteil. The upper 
laser level is also depopulated by electron-impact excitation 
into the nearby ls3p   P term, which imposes an upper limil 
on the electron density for a given element. A population in- 
version is maintained, even though the electron-impact exci- 
tation rates from the ground state into both the 3s and 2p 
levels are comparable, because rapid 2p   • Is decay prohibits 
accumulation m the 2p level while the 3s level is not dipole 
coupled directly tu the ground state 

I he equations for the steady-state population densities, 
A'j and VT, of the upper and lower laser levels are, 

R4 

A, = 

An + NtiXn + Xi«)' 

A1,Ve,V,2^V3(..1J2t,Ve,Vj2) 

where the subscripts 1 through 4 refer to the Is^    S, ls2p ' P, 
is3s 'S, and ls3p 'l'levels, respectively. The .I'sare spontancmis 
radiative decay rates, the .Vs are electron collisional excitation 
or deexeitation rate coefficients, and the .V's are the popula- 
tion densities with .Ve being the electron density. The deexei- 
tation täte coefficient, X$2, is computed from A'23 by detailed 
balancing, Required energy level spacings, etc. were taken from 
published data and scaled appropriately with spectrum num- 
ber. The ground state density, :V|, was obtained from Ne by 
assuming charge neutrality, 100'T abundance of helium-like 
ions, and small fractional populations of excited levels. 

l-ig. 1 shows some results of gain at two (high) electron 
densities. A gain coefficient, a, of > 10 cm-    is desired be- 
cause, even with very large pump laser systems, it may be dif- 
ficult to form a plasma of the required temperature and den- 
sity with a length of more than a few millimeters. These curves 
are typical of Üiose computed over a wide range of electron 
densits and temperature. The curves show an incuv-c in gain 
with iV», an optimum / at a given densitv , a rapid decrease 
in a for / larger than this optimum, and a f n^u cutolf he- 
low which the computed inversion density is neg ilivc. 1 he 
gain scales analytically as -(/     1)   •■' when collisional proc- 
esses dominate the 3s 'S level depopulation (low / or closely 
spaced energy levels) and as ~(Z     1)   ss when the promi- 
nent mode of depopulation is by spontaneous laser line emis- 
sion, lor a given /, the highest gain is attained when the elec- 
tron temperature is approximately twice die Is   • 3sexcit.i 
tion energy, \F\ 3. This is a consequence of the fact that 
/Ve.Vi j, the rate for the dominant process populating the up- 
per laser level, reaches a peak at Arre * 2 AA^; for higher 
temperatures, this rate falls off slowly and the laser pumping 
rate decreases. An ion temperature less than the electron tem- 
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critical layer alA'e • 10 
il em-3 will be described. 
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R5 
INTERACTION OF POWERFUL MILLISECOND 
LASER PULSES MTH MATTER 

V.B, FEDOROV ,, 
te&edev P^ric<rf /««frw«. ^«"«^ !ro"ua 53, 

Moscow, USSR 

T,    ,v,ner .reals the problems of evaporation and heating of 
^n^s:i?soL.ar,e,s(part,cularly,,:eUls,uner6 

hL:mer,y(~104    lü2J)andlonH>-t.on.lO 10 

^Mld^etevaporanon and opt-cal discharges sup- 

Por^l.-r bei near solid targets (and,n..seen. 

radiation/ ~ 10      10  w'u ' on „„. ,,asdy- 

are rpoätttty to advance experiments With long-duration 
, a J'.'t.oh.^-.ntensity range of laser rautnon^o 

- , )' '     10' 3 W/cm5 is demonstrated. Tire first expert 
;JL this range have shovvntlurt^^^ 

malieatmg.   

R6      Mill TlPl.OTON IONIZATION PROCESSES AT VERY 
HIGH LASER INTENSITY 
I A.LOMPRE.G.MAlNFRAY8ndC.MANUS 

W« de Physiqu* Atmique, Centn d Etude* 
,- ■     ,' c lim, Hi' No 2 9U90 Gif'sur-Yvette, 

I'raitcc 

me laser use . tf^aw 0740 saturab e dye. A tin- 
ISM VAt; oscillator using a Kodak y/^u ...... 

.    is < T S ps bv usine a picosecond stuat. cam 
rmms2pii:-'inedloanenergyup.o/;. 

10 643,5 A, with a ,''-7d   ;    n .'^     , Pi-''-■ '— 
foCUSed into a vacuum chamberl    '"     " ,uvcsli,a,ion 

d rui      .rica| abctraUüns, nie 1 .^   H"
1
 4 

is rdeilSed into the chamber at a pressure "   '0        ü ' 
olls ^rdtingf.onr the laser rnleractionwi^a^ 

log   log plot, the experimental points form a st.ai. 

a slope 

_ 8 log N\ 

^^   alogV ' 
.„„in the experimental errors, .he .values for.he five rarc^ 

i    onment with the corresponding A'o Vi>Uies- 

pending on the laser wavelength, when the c . 

Lltiphoton excitation of an ^^^m ^ ,xpcrl. 
.\n important conclusion can be derived t.  m u 

seems to result only from a   pure   22 l " ' ,,K,al cak.u. 
rcsvlU is ln contradiction with the «^ fe* ^"^ in thls 
lations which predict that tunnel effect should a, | 

laser intensity range (3-41. 

G.MaiufrayandJ. IhebauU.Appl   PhyS, References 
(1 | 1 .A. lompre, 

rll!
f^naS.^bml,s,J.M..;-rnd 

121     ; Sanciu-,, Phys. Rev. Let,. 30   '»JSM» ,, |9ov. 
■ 31 Lv  Keldysh.Zh.Ek.p.T«t. Ft«. «9 (»»**)" 

Phys. .KIT' 20 (1^5) 13071. 
,41 C,.J.lVr..].n.ys.H. »1,173 d^S). 
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Diagnosis of a Traveling-Wave Surface Discharge 
as a Source of Short Wavelength Stimulated Emission.* 
R. W. WAYNANT, T. N. LEE, and R. C. ELTON, NavaT~Research 
Laboratory--A possible laser emission from CIV resonance 
lines at 1548.2 and 1550.8 A has been previously report- 
ed using a low pressure, traveling wave discharge. 
However, a specific physical process which is responsible 
for the population inversion in the resonance transition 
is not well known.  In view of the low pressure involved, 
the discharge is believed to be associated with a surface 
breakdown over a polyethylene insulating sheet which is 
exposed to the discharge.  The purpose of the present 
study is a first attempt to understand, through a diag- 
nosis of the device, the processes with which the ablated 
material is multiply ionized and the radiation is ampli- 
fied.  The diagnostics include spectroscopy as well as 
high-speed optical and x-ray measurements.  The possi- 
bility of association with a velocity selection popula- 
tion mechanism is considered. 

*Work supported in part by DARPA 
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Nobel prize to Richter and Ting for discovery of J/psi 
The 1976 Ndliel Pri/e in Physics has heen 

awarded tu Burloii Richter of SLAC and 
Samuel C. C. Ting of MIT "for their pi- 
uneerinn «(irk in the discovery of a heavy 
elemenlary particle of a new kind." 
Their surprising and far-reaching dis- 

covery of the .1/V particle was announced 
in November 1974 (PHYSICS TODAY, 

•lanuary 1975, page 17). The prize of 
$1«) ()00, to be shared etinally by Richter 
and Ting, was scheduled to be awarded on 
10 December in Stockholm. 

The J/V with a lifetime 1000 limes 
greater than expected for a particle as 
massive as 3.1 GeV, did not fit into the 
three quark classification scheme. Two 
years after the discovery, nine or ten 

particles related to the J/Y have been 
found. All the members of the J/^ family 
of mass below H.7 GeV (the threshold for 

the associated production of charmed 
mesons) have remarkably small widths, 
typically a few hundred kilovolts or 
smaller, whereas particles with compa- 
rable mass were expected to have widths 
of several hundred MeV. By now it is 
widely believed that all the J/^ particles 
are bound states of a charmed quark and 
its antiquark. Further confirmation of 
the existence of charm has come from the 

discovery of charmed mesons and 
charmed baryons. 

Richter collaborated on the experiment 
with a large team of experimenters led by 
himself, Martin Perl (SLAG), William 

Chiaowtky,   Gerten   Goldhaber   and 

TING 

George Trilling (Lawrence Berkeley 
Laboratory). The experimenters used 
the large solenoidal magnetic detector at 
SPKAR, the electron-positron colliding- 

bcam device at SI.AC. It was Richter 
who led the drive to construct SPEAR, 
after his pioneering efforts with an elec- 
tron electron device done with W. C. 

Barber, Bernard Gittelman and Gerard 
K. O'Neill. 

The SLAC LBL .cam had been 
studying the behavior of the total oross 

section for e*e~ annihilation as a function 
of energy, varying the total energy in 
200-MeV steps. They observed an 
anomalously high cross section at 3.2 GeV. 

HICHTER 

When the California experimenters re- 
turned to this energy region and varied 
the energy in much finer steps, using a 
nuclear magnetic resonance spectrometer 
to monitor the ring energy, they found1 a 
cross section for hadron production at 
3.105 GeV that was greater than lOOlimes 
the cross section outside the peak. The 
full width at half maximum was less than 
or equal to 1.3 MeV. 

The actual discovery of the particle the 
group called 'Y(310f))" look place in one 
frantic weekend (9 10 November 1974). 

By the next day the news had traveled far 
and wide. On 21 November the SLAC 

( untiiiidi-d vn pa$f 19 

Cl liot fest wavelengih laser from harmonic generation 
Records for the shortest wavelengih at 
which coherent radiation has been 
achieved in the search for an x-ray laser 
system are falling with remarkable 
>|H'ed: 

► It was only in June 'liai Henry 
Hulchinson C. C. Ling and Daniel 
Bradley Gmperal College, London) re- 

ported1 at the Amsterdam Quantum 
Klectronics Conference that they had 
extended the range of generation of co- 

herent radiation into the extreme ultra- 
violet at 570 A, 
Y After a preliininary paper in August, at 
the   International   Conference   on   the 

Phyaict of X-ray Spectra, .lohn Reintjes, 
Rnbi rt Kckardt, Nicholas Karangelen, 

Ravmond Ulton and Ronald Andrews of 

the Naval Research Laboratory (Wash- 
ington, DC) and Chiao-Vao She of Colo- 
rado State University report in a current 
Letter- that they pushed the record down 
to 532 A. 
► Now, at the Tucson meeting of the 
Optical Society in October, the NRL 
group reported preliminary results indi- 
cating they had reached 380 A. 

The methods used by the two groups 
are quite similar: Both used the nonlin- 
ear susceptibilities of noble gases to gen- 
erate harmonics of an incident laser beam. 
These methods are extensions of initial 
work done in 1973 by Stephen Harris and 
his colleagues at Stanford. The Imperial 

College group used argon to frequency- 
triple the radiation from a xenon excimer 

laser (one in which the active medium 
consists of excited short-lived Kt) mole 
coles). The NRL group obtained the 
fifth (and. In their latest work, seventh) 
harmonic of pulses that were already 
fourth haimonics of Nd VAG laser light. 
The noble gases they used were helium, 
neon and argon, Reintjes told PHYSICS 
Kill \V. 

The NRL eupciiment. The primary ra- 

diation wavelength of 2663 A was ob- 
tained from the l.Ofi micron output of a 
Nd VAG laser by two successive stages of 

frequency doubling, first in a crystal of 
potassium dihydrogen phosphate and 
then in one of potassium dideuterium 
phosphate The NRL experimenters 

then converted this 2661-n r diation of 
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till liltli li.iiiiM'i.u lis a [irm i-.- ihm inn 
lie pii lunil H* fdlliiws: 

A M ipii lut el sirluat tr.insiliuns of n 
ground sUlU1 clt'ilron vvilli the iilisurjtdon 
c.l livi- |)UM))iin(! |i)iiil(ins at 266] A tifii- 
(•rHies H ili|icilc momeni thai cauxes the 
i rnissiiin of a sintjlc pholon ai tine lilih of 
tht'dHviiifj wavelength. Such hi^h-cirder 
jnuiliiuar pniicssi'S tend lei lie incCfii-icnt. 
Httwever, the NHL group look advantage 
ol an ace idfiital ni'ar-ri'scmani'e in neon, 
which has a ;tp (l'/j), J = 2, line located 
within 12 cm'1 of four-photon resonance 
with the 2661-A inpul, which enhanced 
the five-photon emission process. Al- 
though this effect tends to increa.e the 
conversion efficiency, the improvement 
can lie offs-1 hy ahsorption resulting from 
pholoioni/ioion in the neon {jas. A sim- 
ilar Situation exists in the Imperial College 
group's experiment on third-harmonic 
generation in argon. 

In the NRL team's experimental ar- 
rangement, the 2()6l-Ä beam wasfrtcuued 
(by a calcium-fluoride lens) to a spot in a 
M)0-micron hole in the-gas vacuum wall, 
which took the place of the entrance slit 
irf a 1-m vacuum-uv monochromator. 
The 30-psec inpul pulses with a peak 
power of I'M M W were formed hy the lens 
into a spot 10 microns in radius and with 
a depth of 2 mm, later reduced, Reinljes 
said, to a n-micron spot si/e with a depth 
of O.fi mm (by switching from a lens of 
10 cm focal length to a 5-cm lensl. The 
532-A radiation was delected both pho 
lographically and photoeleclricaily. 
Because for the neon the generated ra- 
diation is in the ionizing continuum, ef- 
ficient conversion requires that the in- 
teraction length (focal depth) he kepi less 
than the 0.7 mm ahsorption length for a 
neon pressure of 40 Torr. 

This difficulty was avoided hy the NRL 
team in the helium experiment, because 
there the generated photon energy lies 
below the continuum, radiating from a 
level 1760 CBl-1 above the 3p stale. Al- 
though the four photon resonance is not 
nearly as exact as in neon, the net con- 
version efficiency (in the range of 10""- 
10"Ä) was higher in helium. This is be- 
cause of its transparency at 1532 A. and 
because its negative dispersion allows 
phase matching hy a light-focussing 
procedure. The group has also seen 
tilth harmonic conversion in argon at 
pressures of 10 Torr. Reinljes told us. 

The latest result of the NRL group, 
mentioned above, is the generation of the 
seventh h ir nonir of the 2661-A light in 
helium, in ihis experiment, in which the 
380-A output originated from a level in 
the ioni/ing continuum of helium, the 
5-cm lens was used for focussing. He 
cause the experimental arrangements are 
the same, the fifth and seventh harmonics 
are generated simultaneously, hut con- 
version is considerably less for the sev- 
enth order process. 

The Imperial College work.   Short wave 
lengths can he ohlained not only by going 
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The live photon process in neon, with a 
near-resonance at the lour-pholon level, used 
to generate 532-A coherent radiation at NRL. 

to higher-order processes but also by 
pumping with a laser of shorter wave- 
length. The Imperial College group did 
the latter, making use of the availahilily 
of the xenon excimer laser, which at 1710 
A is already in the vacuum-uv region. A 
single stage of frequency tripling in argon, 
enhanced by two-photon resonance with 
the öp state, was therefore sufficient to 
produce the coherent exireme-uv radia- 
tion at 570 A. The narrow-hand tunabi- 
lily of the Xcj laser made accurate tuning 
to the resonance possible, and the exper- 
imenters were able to plot the relative 
efficiency of the process as a function of 
the laser's wavelength. 

The Imperial College experimenters 
pumped with 10-nsec, 15-m.I pulses with 
a bandwidth of 1 A, from the Xe.i laser. 
With a barium-fluoride lens of .'t-eni focal 
length, they focussed the beam just in 
front of a '-'50 micron aperture in the focal 
plane of a 1-m normal-incidence vacuum 
spectrograph. The bandwidth of the 
570 A coherent radiation was an instru- 
ment-limited O.H A. As compared with 
the NRI. pulses, the longer duration 
lower-power pidses of the Impv-ial Col- 
lege experiment make saturation of the 
resonant transition less serious, Hradley 
said. 

Bradley and his collaborators indicate 
that coherent radiation at even shorter 
wavelengths than theirs could he attained 
with other noblegasexcimer lasers and 
appropriate Isotropie nonlinear media. 

A mil her development at Imperial 
College is the generation of pulses as short 

1710 1712 
LASER WAVELENGTH (A) 

Efficiency of third-harmonic generation peaks 
at 1709 4 A in argon to produce 670-A coherent 
output in an experiment at Imperial College 

as 0.3 psec by' I. S. Ruddock and Bradley. 
The extremely short pidses, practically 
bandwidth limited, were obtained by 
mode locking a cw dye laser with two 
saturable absorbers. The pulses are sig- 
nificant for their hyperbolic secant- 
squared intensity profiles, so that they are 
stationary poises, that is, solitons. This 
makes it possible for '.hem to propagate 
through materials wiihout changing 
shape, according to BradUy. Because the 
pulses contain only 150 optical cycles (at 
6000 A), the Imperial College pulses are 
nearly at the lower limit of pulse duration 
set by the frequency of the laser. The 
arrangement used an argon-ion pumping 
laser, a saturable absorber dye cell and a 
resonant cavity, near the center of which 
passed a free (lowing jet of a rhodamine 
dye. Such short pulses are useful in the 
study of the interactions of matter on a 
very short time scale; for example, in ul- 
trahigh speed photography, stopping the 
motion of crystals and macromolecoles. 

As pumping lasers of Increasi ig power are 
developed, will it become possible to ob- 
tain converted coherent radiation of 
higher and higher orders, and so of shorter 
and shorter wavelengths0 Reintjes an- 
swered our question with a qualified yes. 
It turns out that there are certain effects 
that may limit conversion, in particular 
electrical breakdown of the gas. Such a 
breakdown was already seen in Reintjes's 
lab, in neon at GO Torr. In this region an 
increase in pressure (needed for efficient 
conversion)    lowers    the    breakdown 
threshold. 
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|( wifl )i rnvMiiiiV bi";iid tu l";;iii at HKi 
A. Mum iii'iipli' lulicsf thai ciiluTi-nt x 
r.iv- arc likfl.v i" bcnimf » rtilitv soon. 
'I'IK ii'-t-sdf Müll r;iHi:ili(in wciiild include 
iht study of irysmls «nd bitimnltcules, 
.int) pliiilnlilliunrapliic leitnucjues for 
producing sujit-r niiniaturi/cd electronic 
iniircuircuits —HKL 
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New values for boiling 

and freezing points 

The values assigned to the temperatures 
of the boiUng point of water and the 
freezing points of tin and zine on the In- 
ternational Practical Temperature Scale 
of 1908 appear to be significantly higher 
than thermodvnamic values. The new 
measuremenls, done by Leslie (oiildner 
and Robert Eldsinger with a very carefully 
built gas thermonuter at the National 
Bureau of Standards, may lead to a 
redefinition of the Inlernational Practical 
Temperature Scale. 

Although experimenters have made 
temperature measurements for many 
years with classical gas thermometers, 
Ralph P. Hudson, chief of the Bureau's 
Heat Division, says "They were polishing 
a slightly rotten apple. We decided to do 
it right." The project began about 20 years 
ago, with both (luildner and Kdsinger 
working on it almost from the beginning. 
Their first determination was the ther- 
modynamic temperature of the steam 
point, which they found to be 99.976 "C, 
a disi repancy with the IPTS 68 (the most 
recent revisionl of -0,028 'C. Suhse- 
ipieiith they found the tin and zinc 
freezing points to be 231.924 °C and 
419.Ö14 "C, which are lower than the 
values on the IPTS-IIB by 0.045 T and 
0.66 °C, respectively. 

The 1968 revision is based primarily on 
gas thennometry, the work most imme- 
diately preceding being done at the 
Physikalische Technische Bundesanstalt 
in Braunschweig by Helmut Moser and 
Wilhelm Thomas and at the National 
Research Council in Ottawa by Hugh 
Preston-Thomas and ("hris Kirby. 

The NBS results differ from and are 
thought to he more accurate than earlier 
gas Ihermometry values for two reasons: 
Kirst. the NBS group deudoped inslru- 
i. in atinn to allow the highest level of 
metrology for the measurement processes 
such as thermal expansion, thennomole 

i 1   ' 

^.   .,.',1 
NBS precision mercury manometer has a total 
uncertainty  in piessure ratios ol  15 ppm. 

cular pressure and the realization of 
pressure ratios, Hudson told us. For ex- 
ample, the precision mercury manometer 
has a total uncertainly in pressure ratios 
of only 1.6 ppm. Second, the effect of 
sorption, which is thought to be the 
principal source of systematic bias be- 
tween the NBS work and earlier gas 
thennometry, is believed to be insignifi- 
cant in the new results because of a com 
prehensive eff>"< to minimize it. 

The next step lor the NBS team will be 
to measure the freezing point of alumi 
Hum, near 660 T. Kventually they are 
aiming for measurement at the gold point 
near 1064 T to incorporate in a new ver- 
sion of the IPTS. The latter was revised 
in 1948, 1968, and will he revised again in 
the not-too-distant future, perhaps as 
early as 1983, according to one member of 
the Advisory Committee on Thennome- 
try; this group reports to the Inlernational 
Committee of Weights and Measures. 

CHI. 

Nobel prize 

i untmui-d frtim pnfie 1 7 

I.HI- group found a second narrow reso- 
nance decaying to hadrons, simply by 
scanning the entire region in 1-MeVsleps. 
The new resonance had a mass of 3.(196 
CeV 
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Mut'h later, Hu liter s.nd. "It ha^ I «in 
particularly satisfying to have witnessed 
the hirlh of a new class of particles; the v's 
with their unexpected properlies. Every 
experimentalist dreams of making the 
great discovery a discovery which will 
change the direction of scientific thought 
1 don't know yet if the colliding-beam 
machines and the new particles we have 
discovered with them will cause a sharp 
change in that direction, hut surely they 
have bent it a bit." 

Ting and his Brookhaven MIT collab 
orators (Ulrich Becker, Min Chen and 
others) had been studying quantum 
electrodynamics, photoprciduction of 
vector mesons and e4c~ pair decay of 
vector mesons for the last ten years at 
DBSYi where they developed techniques 
to identify electron-positron pairs from 
a background of millions of hadrons. 
They started their experiment at the 
Brookhaven ACS, searching for new 
particles in the n action p + Be ^ e* + e" 
+ Xwilh a precis pair spectrometer that 
had a mass resoution of 6 McV. They 
saw a sharp peak at 3.1 OeV with a width 
consistent with zero (consistent with their 
mass resolution). They called it the "J" 
particle. The peak was first observed in 
August 1974, Ting recalls.' The group 
decided to make many experimental 
checks, such as decreasing the magnet 
current. They then spent laic October 
and the first week in November measur- 
ing the anomalous eVir' ratio, hoping 
that the J could explain this number. 

On 6 November Ting decided lo pub 
lish4 the work on the .1. On 11 November 
Ting, who was visiting SI,AC for a Pro- 
gram Advisory Committee meeting, went 
to W. K H. Panofsky's office and (old him 
and Hichlerof the MIT results. Richter 
reciprocau-d with the SI.AC LBL results 
Within a short time the Adone storage 
ring in Frascati also discovered the .l/i/ 
particle. "It was the shot heard "round 
the world," at least in the circles traveled 
by particle physicists. 

Biographies. Richter earned his BS and 
PhD at MIT. In 1966 he went lo Stan 
lord Cniversily and in 1963 joined the 
staff of SI.AC. where he has been a pro- 
fessor since 1967. 

Ting got his bachelor's and doctorate at 
(he l'niversi(y of Michigan. In 1963 be 
want to CERN and then joined Columbia 
University's physics department the fol- 
lowing year. He went to MIT in 1967, 
where he became a professor in 1969 
Since 1966 Ting has been doing expert 
men(sa(DKSY. -OW, 
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Review and Status of X-Ray Laser Research 

Ronald W. Waynant 
U. S. Naval Research Laboratory 

Washington, D. C. 20375 

The possibility of developing lasers in the x-ray region of the 
spectrum has attracted serious attention over the past few years.  This 
attention has occurred for several reasons; (1) the success of generat- 
ing vacuum ultraviolet laser wavelengths as short as 1100 A; (2) the suc- 
cess of nonlinear tripling and mixing processes to up-convert existing 
laser frequencies to attain wavelengths as short as 887 A; (3) the con- 
struction of extremely powerful laser systems to study laser fusion; and 
(4) the occurrence of results which have been attributed to stimulated 
emission from several x-ray experiments.  Along with these developments 
numerous ideas for advancements have been made. This discussion collects 
the last results and proposals and places them within the framework of 
basic x-ray laser theory. Limitations of experimental technology and the 
lack of needed theoretical data are discussed. 

Construction of lasers below 1000 A is impeded by the lack of con- 
ventional optics. Window and reflector materials are used to make reso- 
nators in the visible, but below 1000 A no material transmits until the 
10-50 A region is reached and the reflectance of metal coatings is usu- 
ally below 50%.  It is possible to use Bragg reflectors, but these are 
very difficult to align in practice.  Distributed feedback also would be 
a possibility for obtaining resonance in an x-ray oscillator, but the 
intense pump power required may destroy the delicate lattice spacing re- 
quired.  Because of these practical limitations x-ray lasers are likely 
to resemble the single-pass, high-gain, mirrorless amplified spontaneous 
emission (ASE) lasers developed in the uv and vuv.  Further study of the 
general properties of ASE lasers likely will indicate the operating char- 
acteristics of x-ray lasers. 

Single-pass lasers of length L have gain given by exp (oL) where a, 
the small signal gain coefficient, is given by 

XgAN 
a " SnAv * 

Here \  is the wavelength, Av is the linewidth in frequency units, A is 
the transition probability, and N is the inversion density.  Substituting 
the wavelength dependency for Doppler broadening, the gain factor scales 
approximately as X3.  The pumping power per unit volume (W-cnT3) scales 
as >." .  Typical values for a =■ 5, L = 1 cm and particle velocity of 
107 cn/sec are shown in Table I.  This table shows the extremely high 

TABLE I 
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power densities required in the 1-10 Ä wavelength region.  At present 
only high-power focused lasers can approach this power density. 

The rate coefficients for energy transfer depend on the specific 
pumjting process involved. Most of the excitation processes have rates 
which scale inversely with wavelength, the exception being resonance 
charge transfer.  The use of metastable states to store excitation prior 
to rapid transfer to radiative states nay alleviate the requirement for 
rapid excitation. 

Perhaps the most important pumping process is electron collisional 
excitation.  All of the vacuum ultraviolet lasers generated have been 
excited by electron collision, primarily collisions with molecules.  It 
does not seem likely that molecules can be used in this manner to produce 
wavelengths much below 600 A, however.  Progress toward x-ray lasers will 
Involve collisions with ions.  One such proposal utilizes the electron- 
collision excitation process to invert the 3p-3s levels in ions. Since 
this transition has lifetimes connected with it that make lasing rather 
easy to produce in the visible and near uv, it may be possv' It to reach 
short wavelengths by following the isoelectronic ion sequence to higher 
stages of ionization.  For example, the 3p-3s transition of U 85 gives 
a wavelength of 11 A. 

Various electron attachment processes can lead to population inver- 
sion.  Three-body collisional recombination preferentially fills upper 
ion levels leading to population inversion with respect to the lower 
levels.  This process is dependent on rather high densities to achieve 
a high pumping rate and may be best achieved in laser-produced plasmas. 
Some observations of population inversion in expanding laser plasmas 
have already been made.  Dielectronic capture, where a free electron is 
captured and a second electron excited, is a possible means of creating 
a population inversion.  Charge transfer interactions proceed as 

I2+ + A -♦ I(z-l)+(n*) + A+ + AE, 

*+ where an ion, I  , interacts with a neutral atom. A, reducing the ionic 
charge, z, by removing an electron from A and promoting the remaining 
ion to an excited level, n,v.  Charge transfer occurs spontaneously only 
when the defect energy, AE is exothermic.  Sticailated charge transfer 
with the defect energy supplied by a laser also has been considered. 
Charge exchange experiments are presently underway. 

Photoabsorption has been considered for the production of a popula- 
tion Inversion because of the possibility of tuning the pumping source 
to produce a specific innorshell vacancy.  Both Kcx and full-shell vacan- 
cies in alkalis have been . udied.  The alkalis have the advantage of 
only one outershell electron .i id therefore no Auger effects.  The analy- 
sis of both the alkalis and the Ka laser proposals are positive provided 
photoionization losses of the laser frequency can be minimized and pro- 
vided a strong pumping source can be ft :: id.  Such a source could oome 
from a suitably tailored laser-produced plasma. 
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Other means of possible x-ray laser production include the use of 
nuclear transitions and the use of stimulated Coinpton scattering.  Seri- 
ous consideration of nuclear transitions is definitely increasing and 
could produce an early breakthrough if methods are found to reduce the 
lifetime of long-lived isomers or if the shorter-lived excited nuclei 
can be rapidly assembled into a laser configuration.  Stimulated Compton 
scattering has also received increased attention, but the attainment of 
wavelengths much below 200 A does not seem possible due to the present 
limitations of electron and photon bcasis. 

It must be pointed out that the verification of gain becomes very 
difficult in the far ultraviolet and soft x-ray regions.  This is es- 
pecially true for the very small, single-pass lasers anticipated.  Tech- 
niques for the verification of gain will likely require the ability to 
vary the length or other geometry of the gain region as well as the abil- 
ity to control the pumping intensity.  Methods of examination for gain, 
can follow those used for single-pass longer-wavelength vuv lasers, but 
it is essential that gain be measured to insure that laser action is 
present. 

Many of the above difficulties can be avoided by starling with a 
powerful infrared laser and using the nonlinear susceptibility of vapors 
to generate harmonic frequencies or to sum several frequencies.  These 
techniques avoid the pumping intensities required at shorter wavelengths 
and transfer much of the high-quality spatial and temporal characteris- 
tics from the infrared to the far ultraviolet.  The extremely low effi- 
ciencies associated with nonlinear processes have been improved greatly 
by using materials with resonances near the incoming laser frequencies 
or their harmonics.  Wavelengilis as short as 887 A have been generated, 
and mixing of tunable visible or near uv wavelengths has produced tunable 
vacuum uv in the 1000-2000 JL region.  Conversion efficiencies range from 
10 3 to 10"7 for these processes.  Some prospects exist for the genera- 
tion of shorter wavelengths via nonlinear processes employing higher- 
order harmonics in ionized vapors.  It may also be possible to start with 
high-power vacuum-uv lasers rather than infrared lasers.  Nonlinear pro- 
cesses will be available for mixing and tuning of x-ray laser wavelengths 
when these lasers are developed. 

While it is difficult to predict the impact that an x-ray laser is 
certain to have on future research, it is likely to be most valuable in 
materials research.  Its coherence will be valuable in producing x-ray 
holograms having high resolution.  Its temporal and spatial properties 
also will be quite valuable in many areas.  It is likely that the most 
important applications have not been anticipated at this time. 
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E-3 Studjr_of_Ex2an3Hjn Characteristic»  of  Lager 
Produced  Plasina»  llaln^ a t^cjipjjnj^jfj^mrtry*      j.   f 
REIOT.IES,  T.   N.   LEE,  R.  C.  ECKARDT,  R.   C.  ELTON,  and R. 
A.  ANDREWS,   Naval  Research LaJLoratory--Hmh quality  in- 
terferograms of  laser produced  plasmas  Kith  spatial  res- 
olution of   15 microoielers are  obtained  using a  rel- 
atively  simple Jamin-type   in*-erferometer and a   precisely- 
timed  30 ps  probing  laser  p .Ise   from a  mode-locked 
Nd:VAG   laser,   frequency do. bled  to 0.53  im.     The  spatial 
resolution attainable wit',  the   present  arrangement   ia 
limited by  the   velocity    .f  the expanding pl.isma  and  the 
finite  duration of  the  /robing  pulse.     The   plasmas  are 
produced  by   focusing a  Nd;8lass  Q-switched   laser  pulse 
(0.5 IW,   lO'l-lf)!' Wtts  en"')   onto  «lab  targets  of 
Af,   Mg,  and  CHj.     ". ine-dependent   behaviors  of electron 
density distrib' .ion  pli^ma  dimension,  and  expansion 
velocity   for  .poth  point  and   line  foci are mide as a 
function of   time  delay  between  the  mode-locked and  the 
Q-suitched   l.iser pulses.     The   results  thus  obtained 
with  different  durations  of   the  heating   (IJ-switched) 
pulse  and  with  the various   target  material  are  compared. 
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COMPARISON OF EFFICIENT HARMONIC GENERATION 
FROM 532 nm TO 266 nm IN ADP AND KL>*P 

J. F. Reintjes and R. C. Eckardt 
Naval Research Laboratory 

Washington, D C. 20375 

ABSTRACT 

Second harmonic  generation  in ADP  and KD*P  from 532  nm  to 

266  nm with 85%  conversion  is   reported.     Effects  of  nonlinear 

absorption and  crystal   length on high-level  conversion are 

investigated. 

133 



COMPARISON OF EFFICIENT HARMONIC GENERATION 
FROM 532 nm TO 266 nm IN AÜP AND KD*Pt 

Jo F. Reintjes and R„ c. Eckardt 
Naval Research Laboratory 
Washington, D0C0 20375 

Efficient generation of the fourth harmonic Neodymium lasers provides a 

convenient source of high-power ultraviolet pulses for a variety of experiments, 

Significant discrepancies have been reported, however, between maximum experi- 

mental conversion efficiencies in 90° phase-matched ADP, which are typically 

30%, and corresponding theoretical predictions of 60-80%.1  These differences 

have been ascribed to such varied processes as linear or nonlinear absorption 

at 266 nm, distortion of the phase matching condition resulting from optical 

absorption or imperfect phase matching. 

Using mode-locked pulses from a Nd YAG laser we have measured various 

aspects of fourth-harmonic generation and nonlinear transmission at 266 nm 

in KD*P and ADP.  Our results demonstrate that harmonic conversion efficiencies 

approaching the theoretical limit can be obtatned when the full spectra] width 

of the pump pulse (X = 532 nm) is phase matched, but that conversion is limited 

by parametric interactions between the pump and harmonic pulses U = 266 nm) 

when the phase matching is incomplete. 

Conversion efficiency measurments were made by monitoring the incident 

and transmitted pump pulses along with the harmonic pulse, thus allowing 

limiting processes due to nonlinear absorption to be distinguished from those 

due to incomplete phase matching.  Conversion efficiency was observed to 

increase with crystal length until the spectral width of the phase matching 

peak became comparable to that of the pump pulse (p.9 X in our experiments) 

and decreased for longer crystals.  This result indicates that the major 

limitation on high conversion of picosecond pulses is group velocity dispersion 

between pump and harmonic pulses.  This effect is further confirmed in spectral 

measurements which clearly show the restricted phase matching which oCCiU» in 

longer crystals.  In those experiments ADP and KD-^P gave virtually Identical 

results. 

-Supported by the Defense Advanced Research Projects Agency, DARPA Order 2694 
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"...Efficient Harmonic Generation...," J. F. Reintjes and R. C. Eckardt 

Conversion efficiency was then measured as a function of pump intensity 

in 4 mm samples of both materials (Fig. 1).  Energy conversion up to 857o was 
9    2 

observed in ADP (80% in KD'^P) with pump intensities of 8 x 10  W/cm .  Com- 

parison with theoretical expectations for conversion of a monochromatic 

plane wave weighted with Gaussian spatial and temporal distribution shows 

excellent agreement and indicates we have actually achieved the theoretical 

limit of conversion at these powers. 

We present the first quantitative measure of nonlinear absorption at 

266 nra in these materials.  Values of the two-photon absorption coefficient 
-11 -11 

were 6,5 x 10  W/cm for ADP and 1.5 x 10   W/cm for KD*P.  The linear absorp- 

tion coefficient was .035 cm   for both materials.  These results indicate 

that optical absorption is negligible in limiting high-conversion harmonic 

generation of single pulses in short crystals, although it can be significant 

in longer crystals used as parametric converters. 

Finally, we report observation of the effects of parametric interaction 

between the pump pulse and tne harmonic pulse which occur in longer crystals 

and result in the generation of spectral structure and new frequencies which 

appear as sidebands on the transmitted pump and harmonic pulses (Fig. 2). 

Time-dependent calcu' itions, which include the effects of group velocity- 

dispersion and phase modular j.on on these effects, are presented and compared 

with the experimental results. 

1. K. Kato, Optics Comm. 13, 361 (1975). 
2, V. D. Volosov, V. N. Krylov, V. A. Serebryakov, and D. V. Sokolov, 

JETP Lett. 19, 23 (1974), 
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PEAK INTENSITY ( W/cm1 ) 

Fig. 1 - Energy conversion vs  peak ircident pump intensity in O.A cm ADP 
and KD*P,  Theoretical curves are calculated for ADP, accounting 
for profiles of the pump in time and space as indicated.  Data 
agrees well with a spatial profile between a square top and a 
Gaussian, which is representative of the beam u^pd for measurements. 
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Fig. 2 - Spectral distribution of incident and transmitted pump and harmonic 
puls.-s in 2  cm KD*P showing partial conversion of the pump (A) 
and resulting structure in the transmitted pucrp (B) and harmonic. 
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GAIN CALCULATIONS FOR ELECTRON COLLISION PUMPED X-RAY LASERS* 

L, J, Palumbo 
Naval Research Laboratory 
Washington, D.C. 203 75 

A steady-state computer model for estimating atomic level population 
densities and short-wavelength laser gain has been developed and applied 
to electron-collisionally pumped, single-ion, quasi~cw lasing schemes in 
the carbon-like and helium-like isoelectronic sequences.  The carbon-like 
scheme is an isoelectronic extrapolation to higher atomic number ions and 
shorter wavelengths of transitions observed [1] to läse in the near UV. 
The analysis described here is a detailed extension of previous analyti- 
cal estimates [2] for 3p -* 3s lasing following electron CoUlsional pump- 
ing from a 2p ground-state reservoir; important refinements Include the 
addition of ionization equilibrium and radiation trapping, extension to 
high densities [3], the inclusion of more energy levels and more mixing 
transitions, and the solution for the relevant population densities by 
simultaneous rate equations. 

Because of the close similarity between the carbon-like scheme and 
another electron-collisional pumping scheme involving 3s -> 2p lasing 
(collisionally pumped Is -> 3s) in the 10-50 A range in moderate-Z heliura- 
like ions, the computer code developed for the carbon-like ions was also 
used with minor modifications to model this two-electron scheme. 

In both of these schemes, the lower laser term is rapidly depleted 
by spontaneous dipole emission into the ground term, while the upper 
laser term can decay spontaneously only via the lasing transition and is 
pumped from the ground "reservoir." Such "single-ion" schemes in which 
the relevant levels are all fhe same ionization stage result in a main- 
tenance of population inversion independent of atomic lifetimes and ionic 
regeneration; thus, gain occurs for as long as appropriate plasma condi- 
tions can be maintained, and the population inversion is said to be 
quasi-cw. 

A set of steady-state rate equations, each of the form 

dN 

k/j k^j 

was solved for the population densities, Nj, of the levels cortidered in 
the present model.  The W's in this equation represent the races for 
appropriate atomic processes Involving transitions between levels j and k 
and Include ( ectron collisional excitation and deexcitation, electron 
colllsional ionization and (three-body) recombination, spontaneous photo- 
emission, photoabsorption (through an escape-factor treatment of radia- 
tion trapping [4], and radiative recombination.  Photoionization and 
transitions induced by ion collisions were negligible in all important 
cases considered here. In order to allow efficient computation, simple 
analytical estimates [5], [6] and semi-empirical fits [7] were used to 
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tl%\Tat*3 ^^f in the aboVe e^tlons, and the necessary rn.rey- 

tablc3 [8J by scaling appropriately with atomic number. For both the 

TllTJ  r the
1
helium-like themes, a sot of rate equations wa. 

tlZlAVil 'cTl^011  '^f J^ 0f tiVe leVelS "hich'included the tern. (3d D in C-like xons and 3p ^ in He-like Ions) moat strongly col- 
Ixsionally coupled to the upper laser term and also Jtrongly coupled by 
d.pole emxssxon to the ground reservoir term, the ground term of the 
lasxng specxes, and the ground term of the next higher lonization Btag« 
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FIGURE 1. Computed product of gain coefficient, a, time« plas.na lenpth 
L versus atomic number for ions of the carbon isoeloctronic sequence at 
a temperature of one-fourth the ionization potential (for most cases). 
Solxd curves are plotted for various practical electron density (N)/ 
plasm« diamefctr (d) combinations.  The required plasra« particle kinetic 
energy plus Ionisation energy is Indicated for each curve. The dashed 
curve xndxeatcsthe strong effect on curve (b) of varying the 3s - 3p 
collxsxonal mixing rate by decreasing the effective Gaunt factor from 
0.75 to 0.2  Also  the effect of increasing the electron temperature by 
a factor of four while limiting the Ionisation rate to maintain an abun- 
dance of th« carbon-like species equal to one-third the total ion densi- 
ty (as mxght be the case in a transient heating phase) is indicated for 
curve (a) by the dotted curve. i-naxcattd lor 
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Computations were performed for a variety of electron densities 
and plasma diameters (the size alters the populations through optical 
depth effects) selected to model conditions presently attainable by 
plasma discharges or by high-power laser/target interaction.  For most 
of the carbon-like runs, a temperature of one-fourth the ionization po- 
tential was selected to assure adequate abundance of the lasing species 
while still maintaining a high "p ■-> 3p pumping rate.  Some typical gaiis 
calculated for carbon-like ions in a cylindrical plasma of length ten 
times its diameter are shown in Fig. 1, where curves (a) and (b) repre- 
sent plasmas created in high-density discharge devices and curves (c) 
and (d) are typical of smaller high-density laser plasmas.  Similar 
curves generated for helium-like ions under a variety of conditions 
exhibit poDulation Inversion on ^Js -» 2p transitions yielding lasing in 
the 10-50 A range, but the computed gains in plasmas qf reasonable length 
are two to three orders of magnitude leas Chan those shown In Fig. 1, 

*Supported In part by the Defense Advanced Research Projects Agency, 
DARPA Order 2694. 
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The near field, far field and focusing patterns of vacuum ultraviolet 

lasers become important when in'eraction applications are contemplated. 

Time-Integrated studies of the emission patterns from hydrogen at 1600 k 

and at 1160 A. from CO at 1800 A and from C IV at 1550 A have been nade 

vhen these gases were excited by a fast-rising, traveling-wave discharge 

produced in a flat-plate Blumlein laser.  Near-field and far-field intensity 

distributions wer ■ recorded on photographic film using bandpass interference 

filters and LiF optics.  The intensity patterns show a surprisingly com- 

plicated structure which proved partially attributable to reflection and 

interference effects from the dielectric insulator which was tangent to 

the discharge electrodes.  Placement of a rough, non-reflecting dielectric 

surface over the polyethylene insulator did not completely eliminate the 

structure. Addition of a second dielectric surface to constrict the dis- 

charge from above helped produce some smoothing of the intensity distribu- 

tion and enabled high-pressure (> 300 Torr) operation of l^ with an 

accompanying higher power.  This constriction made no improvement in the 

output of the other materials. 

Annua 1 Meeting of the optical Society of America; J. Opt. Soc. Am. (1976) 
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n X-RAY  EMISSION  SPECTRA   FROM A   HIGH   POUTR-DENSITY   m_SMA 

Tong-I'yjng  Lee 

U.S.   Naval   Research  Laboratory 
Washington,   D,C.   20375 

ABSTRACT 

.7*   lageijtrlggered vacuum spark  discharge     (jpnerates   one  or  raore   small 
HO     -10     cm ),  high  temperature   (~ 10       K)   plasmas.     The  x-ray  energy  density 
(In both  llne6and bjemsStrahlung  radiation)   in  such a  plasma volume  reaches  a 
value oJ5~ 10    j/taj    In a  time   interval  of about   10"     sec,   giving a   power density 
of ~ 10      watta/cm  ..   K-x-ray emission  spectra  obtained  from  the  plasma   include 
a   manber  of Kot-type   (2p  -♦   la)   transition   lines  arising   from  Fe   II   througL 
Fe  XXUI   ions  In addition  tOjrelatlvely strong He-like Fe XXV  ls2p  -»•  Is    and 
Li-like  Fe XXIV ls2^2p  —  Is zt transition  lines.     Particularly  strong  is  what 
appears  to be a blend  of K«-type   lines  arising from ions  in  stages  below  Fe XVIIi, 
The  purpose of the study  la  to  identify  the particular stages of  lonization whicV 
contribute  predominantly  to  thl? Kd -line blend.    The  line  Intensity  ratios 
between  K« (2p -^  Is)  and K^l (3p  —  la)   type  transition  lines are determined 
respectively from the x-ray  spectra which are obtained using a  flat LiF crystal 
diffractometer.    Since the minute  plasma  often accompanies   less  hot  plasma 
components, a apatlally  resolved spectrum with a  single discharge  exposure   is 
required  in order to avoid ambiguity.     Present  results  suggest  that   the  strong 
blended feature ^mlgted bj t^e jilgh energy-dt-nslty  plasma  is  predominancly due 
to  Fe XVIII  l82s 2p    -  Is  25  2p    transitions  as  evidenced by  unusually weak 
Kf-type  lines.    The upper state  of  this  trtnuitlon  is believed  to be  populated 
by  the  Innershell  lonization of  the  closed  shell  Ne-like  Fe XVII   ions   rather  than 
the dielectrcnlc  recombination procesa  because  of  the extremely weak  Fe XIX-K« line 

T.  N.   Let, Astrophys.  J.  JJJ0 467  (1974) 

T.  N.   Lee 
Code  5520 
Naval Research Laboratory 
Washington,  D.C.   20375 
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Time-dependent calculations of harmonic generation with dispersion and 

depletion of the pump pulse are presented.  Conversion of intense. 30 psec duration 

pulses from 532 nm to 266 nm in ADP is considered.  Numerical solutions of the 

coupled propagation equations for harmonic generation were obtained using a 

second-order Runga-Kutta method and fast Fourier transforms.  The difference of 

group velocities causes the more slowly propagating harmonic pulse to "walk through" 

the fundamental pulse.  The presence of phase modulation on the input pulse or 

c atral frequency phase mismatch then disturbs the phase relationship between 

harmonic and fundamental, causing the harmonic pulse to drive the fundamental 

pulse through the inverse parametric process.  The result is limitation of con- 

version efficiency, generation of new frequencies. AWl distortion of both the 

harmonic and transmitted fundamental pulses.  The calculations showed that either 

intensity-dependent phase modulation with a peak value of 0.4« or phase mismatch 

of A ft = 0.1« cm'1 would reduce conversion efficiency of a ID9 W/cm peak intensity 

pulse to 26% in a 2 cm crystal length after a peak conversion of 88% had been 

reached at 1 cm crystal length.  Only in the case of perfect phase matching 

with no phase modulation does the conversion efficiency increase monotonically. 

Annual Meeting of the Optical Society of America; J. Opt. Soc. Am. (1976) 
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« 
We present results of an experimental study of high-efficiency second- 

harmonic generation in KÜ*P and ADP from 532 nm to 266 nm using frequency- 

doubled pulses from a mode-locked Nd:YAG laser.  We have made measurements of 

conversion efficiency as a function of crystal length, input power, and wave- 

length, and have investigated the effects of nonlinear absorption and phase 

modulation on conversion efficiency.  In addition, we present the first quanti- 

tative measurements of two-photon absorption at 266 nm in these materials. 

Measurements of conversion vs crystal length show decreasing efficiency beyond 

an optimum length.  Such observations have been used elsewhere to infer the 

importance of nonlinear absorption.  Our simultaneous measurements of transmitted 

fundamental and harmonic energies show no evidence of optical losses.  Spectral 

measurements show that the limited conversion in long crystals (£ > 1 cm) is 

due to group velocity dispersion In the crystal combined with small amounts of 

phase modulation on the pump pulse.  Conversion was then measured in short 

crystals where these effects are minimal and efficiency up to 85% was observed. 

The measurements are In excellent agreement with theoretically calculated 

conversion efficiencies.  Measurements of two-photon absorption shows that it 

should not be effective in limiting conversion below about 80%. 

Annual Meeting of the Optical Society of America; J. Opt. Soc. Am. (1976) 
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in which Paper should be placed 
32.  Diagnostics 

X-Ray Spectra of Multiply Ionized_High-Z Atom» Fro« 
a Vacuum-Spark Plasma.  T. N. LEE and R. C. ELTON, Naval 
Research Lab.--Newly observed x-ray emission lines aris- 
ing from highly stripped! high-Z atoms are obtained from 
a single-discharge spectroscopy on a lastT-pulse trigger- 
ed two-electrode vacuum spark discharge1.  The spectra 
obtained include the H-like Lyraan-^ line of the Zn XXX 
ion as well as the He-like resonance line of the Zn XJ(IX 
ion and its satellite lines.  Because of the rare occur- 
rence of such ions, these lines hi-.-e apparently been ob- 
scured in previous multiple exposure data.  The x-ray 
spectrometer used consists simply of a 'LiF analyzing 
crystal and a slit (150-500 urn in 'idth) placed at the 
x-ray window and oriented perpendicular to the discharge 
axis in order to obtain spatial resolution.  The spectra 
were recorded on Polaroid film in a XR-7 mount.  The 
spectral lines arising from highly ionized atoms origi- 
nate from one or more minute plasr^s (S. 25 (j.m in size) 
with a power density as high as ID15 W/cm3.  The proba- 
bility of forming such minute plasna in a discharge is 
found to decrease rapidly with the increase of atomic 
number of plasma ions. 

1T. N. Lee, Astrophys. J., 190, 467 (197A). 

Submitted by 

yr - '*£.. 
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T. N. LEE 

Naval Research Laboratory, Code 5520 

Washington, D.C. 20375 

We would like to present this paper as a ten-minute talk. 
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POSTDEADLINE ABSTRACT 

To be presented as part of first review paperjji Session 11 

Observation of Coherent Radiation at 53.22 nm 
by Fifth Harmonic Conversion* 

J. Reintjes, R. C. Eckardt, C. Y. She, 
N. E. Karangelen, and R. A. Andrews 

Naval Reseaich Laboratory 
Washington, D.C. 20375 

We report observation of coherent radiation at 53.22 nm, the 

shortest wavelength at which coherent radiation has been reposed. 

It was generated in He and Ne at pressures of 40 torr by four- 

photon, resonantly enhanced fifth harmonic conversion of mode- 

locked laser pulses at 266.1 nm (the fourth harmonic of a MiUG 

laser).  The pump radiation was focused with a 10 cm cal Lum 

fluoride lens to a spot size of - 10 ^m at the center of a 500 Mra 

diameter aperture which replaced the entrance slit of a normal 

Incidence vacuum spectrometer.  The radiation at 53,22 nm "** 

observed both photoelectrically (with an EMI photomultlpll 

sodium salicylate scintillator) and photographic«llv fm  Kodak 

101-01 film).  The estimated conversion efficiency . , in the range 

of 10-7 for a focused intensity at 266.1 nm of 3 X 1014 W/cnf3 . 

The generation of coherent radiation at 38 nm with seventh order 

mixing processes will also be discussed. 

*This work was supported in part by the Defense Advance Research Proiects 
Agency under DARPA Order 2694. ^caicn projects 
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'•Generat ion of Coherent Radiation at 38 nm and 53 nm 
Using High-Order Optical Nonlinearities"* 

J. Reintjes (introduced by R. C. Eckardt), C. i.   She, R. C. Eckardt, 

N. E. Karangelen, R. C. Elton, and R. A. Andrews 

Naval Research Laboratory 
Washington, D.C. 20375 

The generation of coherent vacuum ultraviolet radiation by means of 

optical frequency upconversion using third order nonlinearities has attracted 

considerable interest in recent years«  The use of higher order nonlinear 

processes is especially attractive for the generation of coherent radiation 

at wavelengths in the extreme ultraviolet because such interactions allow 

Vcger steps along the frequency scale to be taken.  Recently, we have 

reported preliminary observations of coherent light generate! at 53.2 nm 

by fifth harmonic conversion of laser pulses at 266.1 nm.  In this paper 

we announce the extension of available coherent radiation to 38.0 nm through 

seventh harmonic conversion of the 266.1 H-J pulses in helium.  This is the 

shortest wavelength coherent radiation reported to date.  In addition, we 

describe further investigations of the fifth harmonic conversion at 53.2 nm. 

The conversion efficiency is now la the lO""' to lO^' range, about ten times 

larger than our earlier measurements.  We have observed fifth harmonic 

conversion in argon in addition to helium and neon, with signal strengths 

comparable to those generated in neon.  Finally, we report the generation of 

coherent light at 59.1 nm in helium, resulting from a combination of lour 

photons at 266.1 nm and one photon au 532.2 nm. 

*Work Supported in part by Defense Advanced Research Projects Agency 

under ARPA Order 2694. 
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SUMMARY 

"Gcnerat .on of Coherent Radiation at 38 nm and 53 nm 
Using High-Order Optical Nonlinearities"* 

J. Reintjes, C. Y. She, R. C. Eckardt, 
N, E. Karangelen, R. C. Elton, arH R. A. Andrews 

Naval Research Labo'    y 
Washington, DCC. 2u' 

Optical frequency upconversion has proven to be an important method 

for generating coherent radiation in the vacuum ultraviolet region of the 

spectrum .  Third order processes (chiefly third harmonic generation) 

have been used to generate coherent light at wavelengths as short as 

2 
57 nm .  The use of higher order nonlinearities has been proposed for 

generation of light at still shorter wavelengths since such interactions 

allow larger steps along the frequency scale to be made in a single con- 

3 
version process , 

In this paper we describe experimental investigations of fifth and 

seventh order frequency conversion processes in the rare gases.  We report 

the generation of coherent radiation at 38.0 nm in helium through seventh 

harmonic conversion of laser pulses at 266.1 nm.  This is the shortest 

wavelength coherent radiation reported to date.  This work also represents 

the first observation of a seventh order frequency conversion process. 

4 
We have previously reported  preliminary observations of fifth harmonic 

conversion of the 266.1 nm pulses to 53.2 nm in helium and neon.  Here we 

described a more detailed study of this process, reporting an incre.'ise of 

tenfold in conversion efficiency and extension of our observation to 

conversion in argon.  Finally, we report the generation of more frequijncies 

in this region of the spectrum through six wave mixing processes utilizing 

other harmonics of the Nu YAG laser radiation. 

•'•'Work supported in part by Defense Advanced Research Proj.-cts Agency 
under ARPA Order 2694. 
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The pump pulses for these experiments were derived from a mode-locked 

Nd:YAG laser operating at 1,06 (im followed by two successive stages of 

second-harmonic generation with about 70% conversion in each stage.  Quartz 

prisms were used to separate the fourth-harmonic pulses from the fundamental 

and second-harmonic pulses.  The pump pulses entered a sample cell through 

a MgF9 window.  The cell war. attached to a 1 m normal incidence vacuum 

spectrometer which was equipped with a 1200 g/mra aluminum grating.  A CaF2 

lens was used to focus the radiation at the center of a 500 \im  diameter 

aperture which replaced the entrance slit of the spectrometer.  The gas used 

for nonlinear mixing was flowed into the cell and was differentially pumped 

behind the entrance aperture.  The energy in the pump pulses was measured 

with a calibrated joule meter after the focusing lens, indicating a peak 

power of 330 MW. 

In our previous experiments on fifth harmonic conversion to 53.2 nra 

we recorded the fifth harmonic signal on Kodak 101-01 film through a 

single 1200 Ä thick AH  filter.  In the current experiments we have used 

an EMI 9750 QA photomultiplier and a sodium salicylate scintillator along 

with two Ai windows for detection.  The photoelectric detection allows us 

to obtain quantitative comparison of signals and is more sensitive than 

tie film at 38 nm where the reflectivity of the AZ  grating is quite low. 

Seventh harmonic conversion to 38 nm was observed in helium at a pressure 

15    2 
of 60 torr with a focused beam intensity at 266.1 nm of about 10 ' W/cm . 

Helium is of course transparent to the pump radiation at 266.1 nm while 

the generated radiation lies in the photoionLzing continuum approximately 

65000 cm"  above the discrete series limit.  The absorption cross section 
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of 4 Mb at this wavelength results in an absorption length of 1 mm, slightly 

longer than the confocal parameter of 0,5 mm of the pumping beam. 

A coarse survey with a 2 mm exit slit showed radiation only in a narrow 

region near 38 nm.  Wavelength identification was then done by varying the 

spectrometer wavelength setting around 38 nm while using an exit slit width 

of 150 [iro, corresponding to a full spectral width of about 0.1 nm.  Absolute 

calibration of the -spectrometer dial to an accuracy of + .05 nm was done with 

a He discharge spectrum.  Photoelectric signals were observed when the spec- 

trometer was tuned to 38.02 nrn.  No signals were detected when the spectrometer 

was tuned by .07 nm to either side.  This behavior indicated that the observed 

radiation consisted of a single narrow line at 38.02 nm, in good agreement 

with the expected value of 38.03 nm.  No signals were observed either when 

the cell was evacuated or when the helium pressure was dropped below 40 torr. 

A preliminary survey also showed no detectable seventh harmonic signals in 

neon. 

We have also extended our study of fifth harmonic conversion to 53.2 nm 

In the rare gases. Conversion efficiency in helium is now in the range of 10 

to 10  , about ten times larger than our original measurements.  This increase 

was obtained through use of a shorter focusing lens, which raised the focused 

15    2 
intensity to 10  W/cm .  We have also observed fifth harmonic conversion in 

argon in addition to helium and neon.  There is a near three photon resonance 

in a rgon between the pump radiation and the 3p  - 3d[3^]0J^3 transition. 

Conversion in argon appeared to be comparable to that in neon. 

It is possible to goiK . ate other wavelengths in this region of the XUV 

through six wave mixing processes utilizing other harmonics of the Nd:YAG 
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laser.  As a preliminary step in this direction we have successfully 

generated the eighteenth harmonic of the YAG radiation at 59.1 nm in neon. This 

was done by combining four photons at 266.1 nm with one photon at 532.2 nm 

in Ne.  This wavelength lies in a transparent region of the neon spectrum 

beiow the continuum.  For these measurements, the dispersing prisms were 

removed and the entire beam was sent into the spectrometer.  The experi- 

mental detection was done with the photomultiplier in a manner similar to 

that described ..or seventh harmonic detection.  Again a single narrow spectral 

feature was observed centered on the expected wavelength of 59.1 nm.  The 

conversion level was below that for the fifth harmonic, presumably because 

of the reduced intensity of the laser second harmonic at 532 nm. 
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Requirements, Methods and Results for Absolute Radiometry from 

Extended Sources in the 12-25 X and 500-3000 X Spectral Regions 

R. C. Elton 

Naval Research Laboratory 

Washington, D.C. 20375 

Techniques developed at the Naval Research Laboratory for intensity 

calibration of instrumentation in the vacuum ultraviolet and soft x-ray 

spectral regions will be described.  The emphasis will be placed or 

in-situ techniques from extended radiation sources. 
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Emission Measurt'nifnLs in Che 3 Ä Ri'gitJtl from a Point 

Plasma Source with Potential as a Transfer Standard 

T. N. U 

Naval Research Laboratory 

Washington, D.C. 203 73 

The utility of concentrated small plasmas as intense sources of 

shor^-wavelength radiation for point source radiometry will be discussed. 

The utility as secondary calibration standards will also be point out. 
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Short-Wavelength Laser Calculations for Electron Pumping 
in Carbon-Like and Heliun-Like Ions 

L. J. Palumbo and R. C, Elton 
Naval Research Laboratory 

Washington, D.C. 20375 

A steady-state computer code has been used to compute 

population densities of excited terms in carbon-like and 

helium-like ions.  It is shown that an inversion between terms 

of the ls22sE2p3p and ls22-22p3s configurations sufficient to 

produce observable laser gain can be obtained in high-density 

plasmas such as produced by laser irradiation of pellets or 

electromagnetically driven pinch discharges.  Such inversions 

in elements of atonic number Z = 15-40 give rise to lasing in 

the 1200-30C ' range.  Shorter wavelength lasing (80-5 A) 

on Is3s->ls2p transitions in helium like ions of Z = 10-40 is 

also modeled; but significant gain is probably not possible 

with current plasma devices. 
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I.  1NTR0UUCXI0N 

An intense effort has been underway for the past several years to find 

method, for generating coherent radiation at wavelengths shorter than 1000 Ä 

as is evidenced by the largo number of experin.ental and theoretical publications 

in this field.  Details arc treated in a recent review paper1 and in references 

therexn.  Barrin,. sorae fortuitous discovery, short-wavelength lasing will most 

likely be attained by a progressive step-by-step process, possibly working frora 

known lasing schemes in the UV to shorter and shorter wavelengths into the soft 

x-ray spectral region.  A straightforward approach would be the isoelectronic 

extrapolation of a known lasing scheme in the visible or near-UV involving a 

neutral atom or a low stage of ioni.ation2"4, and attaining vacuum-UV lasing 

using higher stages of ioni.ation as created in a plasma.  As a precedent, a 

number of ions have recently been shown5 to läse in the near-UV region in 

Z-pinch plasma devices; extrapolation to non-cavity amplification is the first 

challenge. 

This article reports on a scheme for achieving lasx.g below the 1000 I 

"barrier" by the isoe]ectronic extrapolation of a transition which is respon- 

sible for a large number of known visible and near-UV ion lasers, many of which 

bave been shown to läse in the cw mode, i.e., with steady-state population 

inversion.  This is of great importance for vacuun.-UV lasers, where self- 

terminating inversions require very short pump risetimes1'6.' The method and 

results reported here represent primarily a refinement of previous analytical 

calculations for 3p^s lasing in six-electron carbon-like ions, following 

electron collisional pumping from a Zp ground state reservoir7.  Initial 

extrapolations to high densities8 are expanded upon.  Also, the .nultiple ionic 

energy levels and the atomic transitions between then are considered in increased 

detail here through the use of a computer program which solves coupled steady- 

state rate equations to obtain energy-level population densities for given 

plasma conditions.  The addition of ioni.ation and recombination, as well as 

radiative trapping, represent other important advances in the present results. 

Because of the close similarity between the carbon-like scheme and another 

electron-collisional pumping scheme involving Ss-tfp lasing (col 1isionally 

pumped 1.-3.) in the 30-100 7 range in moderate-Z holium-Uk, ions, the computer 

code developed for the carbon-like ions was also used to model this tuo-electron 
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sci.o^e.  Although population inversions were computed and are presented for a 

wide range of plasma conditions and for a number of elements in the helium 

isoelectronic sequence, the resulting net gain calculated is insignificant at 

densities and dimensions available in state-of-the-art plasma devices. 

Both of these schemes operate over transitions ot insufficient energy to 

cauta photoionization losses in the amplifying medium, in contrast to innershell 

ichemei proposed for si ort-wavelength lasing where such losses can be the limiting 

factor 1,9 

Descriptions of the physical model and coiüputor code are given in the next 

section, results for the carbon-like and heliun.-like schemes are presented and 

described in Section III, and the feasibility of those schemes for producing 

short-wavelength lasing is discussed briefly in Section IV. 

II.  NUMERICAL MODiL 

A.  Punning Scheme 

As diagrammed in Fig. 1 for the six-electron carbon-like species and mentioned 

in the Introduction, the 3p 3D upper laser term is assumed7  to be 

pumped by electron collisional excitation from the 2p 3P ground term on the 

Sam« ion  .  Radiative coupling of those two terms is dipole forbidden, so that 

spontaneous and stimulated  emission into the 3s 3P lower laser tenti is favored. 

Also, the population density in this latter term is rapidly depleted to the 

2p 3P ground "reservoir" term by dipole decay, resulting in a possible steady- 

state population inversion and quasi-cw lasing.  The terminology "quasi" here 

refers to possible transient lasing conditions associated with environmental 

plasma changes; and not to self-termination often associated with short- 

wavelength laser schenes and caused by lack of either lower laser term depletion 

or reservoir state replenishment.  The latter is a Common problem with many 

schemes based upon pumping by ionization or recombination and is eliminated in 

a single-ion scheme such as modeled here, where the initial reservoir terra is 

rapidly replenished by dipole decay from the lower laser tern; with continuous 

lasing resulting. 
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At the increased densities required for amplification without multiple 

pass cavities, collisional mixing between terms becomes an importai.t process 

competing with radiative transitions, and the nearby 3d 3D term is the most 

important.  This term is strongly dipole coupled to the ground term (as is the 

lower laser term) and is included in the modeling.  This strong radiative 

coupling also requires the inclusion of resonance trapping effects for both 

terms in the numerical model.  The total density of lasing ions in the plasma, 

and hence the net gain, would be affected by significant ionization or recom- 

bination.  For example, at the high temperatures desired for large collisional 

pumping the former is a concern for creating significant densities of boron- 

like ions.  Hence, icnization and recombination rates between carbon-like and 

boron-like ions are included. 

In close analogy to this 3p->3s model, the 3s ■'S term in helium-like ions 

is assumed to be pumped from the Is  S ground term by collisions, with lasing 

taking place on 3s 1S-2p l V  transitions followed by rapid 2p :i P->ls2 1S resonance 

decay. The detailed term structure is shown in Fig. 2. 

B. Rate Equation Code 

In the most general case, the populations of the excited and ground 

levels of an atomic species in a plasma can be determined at each point in 

time by the simultaneous solution,of a set of rate equations which express 

the time rate of change of the population density of each atomic energy level 

as the sum of the rates which populate this level by transitions from all other 

levels, minus the sum of the rates which reduce the population of the given 

level by transitions into all other (higher or lower) levels.  If the rate at 

w'iich plasma conditions (temperature and density) change is much smaller than 

the dominant transition rates in the time-dependent rate equations, then each 

rate of population density change can be neglected (set to zero); this yields a 

coupled set of time-independent or steady-state rate equations, each of the fora 

dN 
-k = 0 »V N. W., - N, V W, ., 
dt      Z-/ J  Jk   k ^—'  kj 

irk 
(1) 

JAk 

where t is the time, N. and N, are population densities  of  levels i and k. '  j     k J      > 
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nnd Wik (si"'larly for wk.) represents the sum of the rates for all atomic 

processes which populate level k from level j.  An equation of type (1) is 

required for each level, k,considered.  In general, levels j and k may be in 

the same or in different ionization stages, and the W's are functions of the 

ionization species, the temperature, the density, and the radiation field 

intensity at each point in the plasma. 

For a precise dynamical plasma model, one must sc^ve  a large set of 

time-dependent rate equations, taking into account all important excited 

and ground levels for each stage of ionization of each element found in the 

plasma. All significant atomic processes affecting the population densities 

of these levels (including ionization and recombination) must be inciaded in 

the computation, as well as the possibility that the populations may vary not 

only temporally but also spatially due to boundary effects, plasma motion, 

plasma structure, ndiation transport, etc.  It was not the aim of the present 

effort to produce such a full-scale plasma model.  Rather, the purpose was to 

introduce certain simplifying plasma assumptions into a node! to estimate the 

conditions required to produce population inversions in plasma ions, to look 

for optimum plasma conditions, to identify promising elements and ionization 

stages for producing lasing in existing plasmas, and to gain physical insighc 

into the processes resulting in o ' hindering the achievement of short-wavelength 

lasing in highly stripped ions. 

In the present code, the population densities of the levels of interest 

and the electron and ion densities are assumed to be spatially hoiiiogeneous; 

they are also assumed to be time independent in order to avoid the solution 

of a set of coupled differential equations, rendered nonlinear by the inclusion 

of radiation trapping as discussed below.  Thus the inversion and gain computed 

here would be valid for a homogeneous portion of a larger plasma and would be 

applicable to plasmas which maintain their conditions for a reasonably long 

time.  Similarly, all other relevant plasma parameters, such as the electron 

temperature, T , and the ion temperature, T. (which is assumed in most cases 

to be equal to T under the equilibrium conditions achieved rapidly at high 

densities), are assumed constant in time.  Plasmas in existing devices which 

satisfy this condition are mentioned below. 
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The credibility of the present calculations is enhanced by the agreement 

between the results reported here and experimental results5 for sinilar ionic 

configurations.  In a sense, the present steady-state model yields mainly 

minimum Using requirements.  Transient conditions can be defined 

during a heating phase in which enhanced inversion densities (and gains) can 

be achieved at higher temperatures before significant ionizing depopulation of 

the desired species occurs; this possibility is analyzed below for the 

carbon-like ions. 

It should be noted here that although the present analysis for 3P^s 

lasing concentrates on carbon-like ions, the computed population inversions 

and ;,ain should be comparable for 3P-.3s transitions in the boron-like through 

the neon-like sequences, i.e., where 2p valence electrons exist.  The six- 

electron ion was chosen as a model because it was expected7 to produce slightly 

(but not significantly) more gain than other ions of more or fewer electrons. 

In fact, boron-like ions may produce a simpler spectrum, and neon-like ions 

may be advantageous due to the extended lifetime association with rare gas type 

ionic species of increased ionization energy11. 

The set of equations (1) is solved when reduced to a finite and tractable 

number by considering only the most relevant levels in the carbon-like or 

helium-like ion.  For the triplet terms in the carbon-like ion, the levels 

corresponding to a particular J value are assumed to be populated in proportion 

to their statistical weights.  This is plausible since collisional mixing is 

rapid between these closely spaced levels for the large electron densities 

required to achieve observable single-pass gain along the small plasma lengths 

attainable with present-day devices.  Hence, in computing the carbon-like 

population densities, the levels of a given term are lumped together and the 

averaged term-to-term transition rates are used in Eq. (1).  However, because 

the width of the lasing line is less than the 3p^3S multiplet splitting, the 

gain is computed only for the strongest component of the multiplet.  Also, 

only those terms of the ground and excited configurations which are expected 

to have the largest effect on the population inversion are considered.  The 

energy levels and the important transitions between them are included in 

Figs. 1 and 2. 
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Thus, a coupled set of five equations of type (1) arc solved for popu- 

lation densities of the following carbon-like terms, v.'here the numbers in 

parentheses are the respective subscripts used in subsequent equations and 

in Fig. 1:  (1) the ground term, 2pE 3P; (2) the Ismt  laser terra, 2p3s 3P; 

(3) the upper laser term, 2p3p 3D; (4) the nearest competing term, 2P3d 
3D; 

and (5) the ground term of the next higher ionization stage (boron-like ion). 

T-ransitions from the ground term into other excited triplet terms deplete the 

ground reservoir term population by at most a few percent for the conditions 

which show appreciable population inversion, and are thus ignored.  The three 

tert.is of the ground configuration of the carbon-like ions (under most plasma 

conditions of interest here) contain most of the population, and it is assumed 

that this population is divided among these terms in proportion to their 

statistical weights; with 60% [P in Eq. (17)] of the total population density 

in the triplet system (shared by the 3P ground term and the sparsely populated 

excited triplet terms) and the remainder shared between the 2ps 'S, 2p  D, 

and excited singlet terms.  The total ion density is tied to th; electron 

density thro'igh charge neutrality. 

Becaus.; it is desired to operate at a high temperature for maximum pumping, 

only ioaizaion equilibrium ■ t.h the next higher .onic species is considered. 

The gain is optimized by selecting a temperature for rapid pumping without 

excessive lasing-sprcies depletion by ionization.  Analogously, for the helium- 

like ions, a set of five coupled rate equations is solved with subscripts 1 

through 5 designating the following singlet tenns:  (1) the ground term. Is2 1S; 

(2) the lower laser term, 2p »Pj (3) the upper laser term, 3s 1S; (4) the nearest 

competing tern, 3p 1P; and (5) the Is 2S ground term of the next higher (hydrogenic) 

ionization stage.  The fraction of the total helium-like ion density which 

occupies the triplet system is expected to be small for the high I's  and high 

densities considered here. 

C.  Rates Applied 

In computing the rates (Ws) in Eq. (1), estimates of all important col- 

lisional radiative processes between the five terns Kiontioned above were included 

where applidblc.  Specifically included for the lasing ion were electron- 

col lisional excitation and deexeitation, electron-collisional ionization and 
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(thtee-body) recombination, spontaneous photoemission, photoabsorption (through 

a radiation trapping treatment), and radiative recombination.  Photoionization 

was negligible in all important cases here.  For efficient computation, simple 

analytical estimates for the rates of the various atomic processes were used in 

place of mere accurate quantum mechanical calculations or published tabulations 

of such results (which are not available for all transitions, species, and 

ionization stages required in the present study).  Most of these analytical 

formulas were obtained from collections included in References 12-14.  A 

Maxwellian velocity distribution of electrons was assumed to hold for all 

calculations. 

Excitation and Deexcitation 

lb 
For the numerous transitions and ions included, the convenient  effective 

Gaunt factor, or g, analytical formula of Si^aton  and Van Regeraorter  was 

used to compute the collislonal excitation rate, C.. , for transitions from 

lower level j to upper level k 

'Jk NX.. - 641t2 (, 
e jk       v3 

(2) 

fjk<8>jk'S8p c-AVkV' 

where N is the electron density, X., is the collisional excitation rate 
e /> jk 

coefficient, h is Planck's constant, a is the radius of the first Bohr orbit, 

E is the ionization potential of ground-state hydrogen (13.6 eV), k is the 
H 
Boltzmann  constant, T  is the electron temperature, AE   is the energy gap 

e jk 
between levels j and k, f   is the absorption oscillator strength for j-)k 

_    J'c 

transitions, and < g > is a Maxwellian-averaged effective Gaunt factor.  The 

rates for collisional deexcitation, D, , were computed fr m the rates for 
kj 

collisional excitation through detailed balancing, 
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U, . = N X 

(3) 

where Xk. is the collision.! deoxcitatioa rat 
—a coefficient and p and e  nr« 

thC 't-"-"«l -i8hts of levels J and k, respect.vely        
j     ' 

The ene^-leve! s   ,ngs> ,    ^  ^^  ^ ^ 

esp ctively. whe„ z ls the üpectruni numb(,r ^ ^ 

(optxca!)   electron.     Scalin«  coefficients  „ere  esti.^ted   frora  L!l       / 
levels18' 19 a^  spectril   ,.        20 G  cstl'^d   from  talmlated  energy 

than 157       Z ' the /jE'S  8hOUld ^  —e  - >«"„ 

He       dt e 0SClllat0
2V

trÜnßthS  —-d  f-  ^« -deH,, of  the carhon- 

1     C r"6  ^"^^        -  bC  —-  ^ng   the   isoelectronic  se.nence   for 
An^O  transitions  and  to vary as  7^   f«k-       ,   •       , ^nce  lor 

y (where  Z   ^   t'16  "uclear  charge)   for Ä«-fl 
tran.rtions,   with  values  extrapolated  from  limited   data   for   .        '  V 
stages published by Wiese     et  .,1«      Th '  '"J0"  —-"on 

' ^     •     rhe nl0rc'  --'^ndant  data18  on helium-like 

.,   .      , »»-tor,   ^g »        ls  a   function of K   ^/LF    /L.r 

obtained ..„rlfer f™ a„ o^.piric.l   fit12. "J"  , -     . 'V". 

.f.«,.«««., a,. t,.„.tiM „8l„ts for „a:::; i::;«:« ,Ad".^ '•"■ 
".<■  .»Plrl..,   fft   1. aP1™,„toly „„.„   for „_,       ""■ .,"<""t"   "•« 
f-i      i   t ^  n=3   transitions       Time 
h. data can be ffttc.  f„   .„.   „,„„.   „„ge o£ ,   . „„,  ^ ' '   • 

expression •r       Pvw«r   iaw 

< « >jk ~- a x- 
(4) 

with a   -  0.17  and   6  ■  0.47       Fnr v >  i   /i 
u.+/.     i'or x ^ l.o,   a constant  value  of 0 17 «a .. 

Fur  n-T     /n  n   »- ■    • W*1'   ls   ■•■«aiad. 
n-3,   an-0   transitions,   it   has  become  clear     tIiaL     th.       r 

fart-nv   ,-1.   i •   • , I:he       Gaunt 
«tor   l.   hlghar  .nd.   for   the   relevant   ra„Se  of  0.01   K x  , 0.7.   a   .imlHr 

relation   is  assumed  with  a -  0.63   and   ß  .  o   15       This   1 „ ,        r 
u.o.      This   latter   fit  also appears 
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ThL-  adopted  oscillator  strengths,   Gaunt   factors,   and   onergy-level   scaling 

relations  are   listed   in  Table   1.      For  computing  the   collisional   excitation  and 

deexcitation  rates   for  the  dn-1   "dipole-forbidden"   2p aPJp aD   transition  between 

terms  of  the  same  parity,   Eqs.   (2)   through   (4)  were   used with  an oscillator 

strength  assumed  equal   to   that   for   the  analogous   2p 3p-,3s 3P  dipole-allowed 

transition,   so chosen  according   to  guidance   from  both  theoretical   and  experi- 

mental   results     .     For  the  An-0   quadrupole  3s »p^Jd 3D excitation   rate   both 

zero and a value  equal  to  the  3s 3P-3p 3D dipole  rate  were  assumed,   as   the  true 

value   is  uncertain  for  the   small   energy  gap   involved.     The  effect   on   the   computed 
peak gain values  was ^ 20%,   so  that  a  zero value was  used. 

^•    Rodiattv Decay wtth^ Opacity 

Spontaneous   radiative  decay   rates,   A^.,   were  computed  from   t 

oscillator   strengths   f., ,   by 
he   absorption 

(5) 

where c is the velocity of light, ro is the classical electron radius, and 

X.. is the wavelength of the radiation emitted in a spontaneous transition 
23 

from k to j.  Induced emission  terms, I R . , can be ignored for n--3 to n=2 

resonance transitions because 1 B /\ . = [ (g, N ./g N, )-1 J"1 « 0.15, for 

AEjk'kTeÄ:'2 at kTe 
= I-P'/3-  This is also the case for transitions between 

n-3 terms as long as the plasma is optically thin in the transverse direction, 

as is calculated for the conditions considered.  Resonant photoabsorptlon in 

an optically thick plasma can be important in reducing the effective lower- 

laser-lovel radiative depletion rate and, hence, destroying the steady-state 

inversion; consequently, it must be considered in a model of tills type.  Since 

the only source of r.-scnant radiation is assumed to be from spontaneous omission, 

resonant photoabsorption is accounted for by modifying the radiative decay rate 

with an "escape factor" ^(T^) according to a method orlglnfllly treated by 

Biberman  and Holstein"  and conveniently surruiarized by McWhirter23, where 

F
L(T ) = 1 kjv o' /jt/.i*** <"X'J  Jl-exph^ exp (-xE)]}  dx. (6) 
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Hera T 
is the optical depth at line center, which for Dopplor-broadened lines 

26 

is üiven by 
12 

/nM.c2\^ 
-    „ L-4- )   r >., .N.f., 
o   \2kTi /    o kj j jl 

(7) 

with M the mass of the radiating ion. T. is the ion tc^erature, and r the 

plasJ'radius.  The escape factor, which is an inverse function of the optxcal 

depth (and hence of the lower-level population density), ranges between zero 

and unity and reduces the effect of the decay process at large deptU-  Cht 

explicit inclusion of this factor in Eq. (1) makes this set nonlinear, requrr.ng 

a solution by iterative methods; this dictated a limitation to a reasonable 

number of levels included in the modeling.  Since the optical depth depends 

upon the physical dimensions of the medium, the plasma diameter became an 

additional important parameter. 

3. Ion i zatlon and Racomb:nat ion 

The most convenient fomula for computing the rates. Ij3, of electron 

collisional ioni.at^on from the ground (j-l) and excited terms (j=2.3,4). 

rospectivcly, of the lasing ion into the ground term (5) of the next^igher 

species comes from a semi-empirical formula in a fon. given by Kunze  (whrch 
" ' 28. 
fits the data compiled by Lotz  ; 

qN 7 4oMo\ + 40  x 

ü j5     e 

(8) 

Bhett q is the n^bor of equivalent electrons in the outer shell and AKj5 U 

the ionization potential from term J.  Both W^  and L*^  are ^V.^"« N, 

is in cm"3.  For the helium-Uke ions, this formula is expected     to be 

curate to 15% for ground-state ionization and 2,1  i or excited-state ionization. 

Foe l0n. o.her than hydrogenic and he!ium-iike. this fo.mula overestimates the 
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Ionisation rate by approximately a factor-of-two29, and  this 

correction was included in the carbon-like ion modeling.  Rates for collisional 

(three-body) racombin tie», R-,, into ground and excited terns were deduced 

from Kq. (8) using detailed balancing and the Saha relation to give 

■Jh)      1 
J  Weq  J 

h3 N exp (AE.c/kT ) 
 e J5_  e 

2 (2n m kT SW J5' (9) 

where (N./»5)   is the thermal equilibrium population ratio and m  ia the 

electron mass. 

The rate of radiative recombination, R^., into either ground or excited 

terms is adopted from a formulation due to Griem30 for the total recombination 

rate into hydrogenic levels of a given principal quantum number, n, with 

appropriate corrections through a multiplicative factor Q. for nonhydrogenic 

behavior of the ground terms and for statistical weight partitioning into 

the various terms. The rate is given by 

64 
R5j = T (3)2 Vo C ^j^2 El W exP W. J =1.2,3,4, 

where x = AE^/kT^  and ^(x) is the exponential integral of index one. 

total recombination rate, R  , into term j is defined by 

(10) 

The 

R5J 
„c    r 
Re. + R,. 
5j   5j (11) 

4.  Ion Colllatona1_Rat es 

The rates for the important excitation and dcexcitation processes due to 

ion collisions were estimated from the above electron collisional rates using 

a "guillotine factor" approach described by Weisheit13 and war« found to be 

negligible for all conditions considered in the  present modeHng. 
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D.  Explicit Rate Equations 

Using the atomic rates defined in the above equations, one can write 

Eq. (1) explicitly: 

dNj 
"ST = 0 = -»! (C12 + C13 + C14 + I15) + N2 (A21 F21 + D21) (12) 

+ N3 D31 f N4 (A41 F41 + D4l) + N5 R51, 

dN2 

"dF = 0 = -N2 (A21 F?l 
+ D21 + C23 + C24 + hs*  + Nl C12 (l3) 

+ N, (A32 F32 + D32) + N^ ^  + N5 n^ 

dN 

"IF = 0 = -N3 (D31 + A32 F32 + D32 + C34 + Hi* +  Nl C13 + N2 C23   (14) 

+ NA (A43 F43 + D43) + N5 R53, 

dN, 

It   = 0 ^ -NA (A41 F41 + D41 + D42 + A43 F43 + D43 + 145) 

+ N1 C14 + M2 C24 4- N3 C34 + N5 R54) 

and 

dN 

"dt 
= 0 -N3 (R31 + R32 + R53 + R54) + N1 llf 

+ N2 I,. + N3 I35 + N4 I45. 

(15) 

(16) 

These five equations are not linearly independent since, for the closed system 

of five levels, the sum of any four equations yields the fifth.  However, an 

additional constraint imposed by the assumptions of charge neutrality and neglect 

of plasma motion (expansion or compression) yields an additional equation 

,7.-6 
Ne = (y-)  (N1 + N2 + N3 + N4) f (Z-5) H 

(17) 
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which makes, for a selected electron density, the system soluble.  Here P is the 

fraction of the lasing-species Ions which occupies terms 1 through 4 and Is 

set equal to 0.6 by assuming most of the population is in the ground terms of 

which N. represents the triplet contribution (Section II.B.). 

Equations (12)-(17) were solved simultaneously for the five unknowns, N. 

(^=1 through 5), by an iterative method.  Since the escape factors for most 

conditions of interest were small perturbations, convergence was usually rapid, 

III.  CALCULATED RESULTS 

A.  Gain 

The gain coefficients, a. for transitions 3p 3r-»3s 3P in carbon-like ions 

and 3s 1S-»2p l? in heliura-likt ions wore computed f^ora the population densities, 
2 ß o 1 

N« and N_, for a Doppler-brladened   line from 

a- v 2kTi/    ro 32 82 23\z-' HI ' (18) 

where g„, g  are the statistical weights for terras 2 and 3, respectively.  Such 

gain coefficients have bern computed for several decades of electron densities 

and suitable corresponding plasma diameters.  These paraneters were selected  to 

simulate  plasmas which can be produced by presently available technology. 

For the carbon-like results shown in Fig. 3, an equilibrium electron kinetic 

temperature, kT , equal to one-third the ionization potential(I. p.) of the lasing 

species being modeled was used, with T = T.; pre-equilibrium enhanced temperature 

results shown in Fig. 4 are discussed further in Section tll.C. below. 

Equilibrium calculation  results at kT - kT. = 0.7 l.P. for hel iur.i-like ions 
e    i 

are given in Fig. 5.  In these figures, the gain product rfa  is plotted vs 

atomic number Z   (and corresponding laser wavelength) and for sov:-ral values of 

electron density N  and plasma diameter d, with a  fixed length L ■ lOd chpsen. 

The lower density curves, a and b, correspond to electrically driven dense pinch 
32 33 

devices  '   .'hile the higher density curves, c and d, are more typical of laser- 

heated pellet conditions .  The assumption L = lOd is based upon an aspect ratio 

of 10:1 which is considered to be a reasonable maximutn along a straight line 

axis in state-of-the-art plasma devices.  The values chosen for d exceed those 
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below which severe diffraction losses would K- expected to enter, i.e., 

d » (a)2 or d » 10X for a 10:1 assumed aspect ratio.  The computed gain 

products aL do not exceed 10 (corresponding to a single-pass gain of e1) 

where it would be anticipated that saturation effects and particularly radial 

superfluorescence would enter as the product ad approaches unity.  Thus, the 

choice of diameter d is dictated by a diffraction limit minimum and a radially 

thick maximum. 

For clarity, the gain curves are shown as continuous lines, although 

computations were performed for integer values of Z.  Significant gain products 

at higher Z values a^e achieved with the increased pumping rates associated with 

the higher electron densities.  Each curve exhibits a minimum value of Z below 

which an inversion is not obtained because of dominant collisional mixing (the 

onset of Boltztnann equilibrium) between the upper and lower terms, which are 

closely spaced at these low Z values.  (Negative gain values are not indicated 

on tht log aL scale.) AH curves reach a peak at a Z value somewhat higher than 

the collisional mixing cutoff due to a gradual reduction of the mixing effect 

resulting from the increased spacing r.f the laser levels with increasing Z. 

The decline in gain p-oduct as Z increases to values greater than this peak is 

due mainly to:  (a) a reduced fractional population of excited ter-is resulting 

from a decreasing pumping rate for the larger pump energy gap, /,£   [see Eq. (2)], 

(b) a smaller number density of lasing ions at higher Z for a given electron 

density (from charge neutrality), and (c) the explicit linear scaling of the 

gain coefficient a with wavelength [see Eq. (18)]. 

The low-Z (long wavelength) cutoff, as well as the position and magnitude 

of the peak gain product have been found to be sensitive to plasma dimensions 

because of effects of radiative trapping such as the increased population of 

the lower laser term.  The low-Z cutoff is also sensitive to the value of the 

n-3 laser level electron collisional mixing rate used in the modeHng.  The 

f«Ctor-Of-two preclalen presently expected for the values used is reflected as 

+1 to +2 variation in the Z-cutoff values plotted in rigl, 3-5.  However, for 

atonic numbers larger than those at the peak of the aL /s Z curve, the calcu- 

lated results are no longer sensitive to the upper and lower laser term mixing 

rates, and the accuracy of the gain product plotted should be about as good as 

the accuracy of the pumping rates, i.e., about a factor-of-two. 

m 
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B.  Pump Energy Requirements 

For steady-state inversion, it is the pump energy rather than power that 

becomes a stringent requirement for high gain,  A lower limit on the amount of 

pump energy, E , required can be determined from the maintained plasma, ioniza- 

tion, and excitation energies, i.e.. 

I 7 No kTo + 7 N. kT. + N.E. ) V, I2e  e  2i   i    li/' (19) 

where E is the average excitation  plus  ionization energy per ion 

and V is the plasma volume.  Greater amounts of pump energy by factors of 

~ 20-1000 could be required to compensate for plasma-energy losses and coupling 

efficiency from the purap source.  These stored energies are indicated in Figs. 

3-5 for the peak gain point of each of the curves.  Curves a and b in each figure 

correspond to conditions more typical of electrically driven pinch devices, where 

efficiencies of at least a few percent can be expected and energy storage systems 

of tens-of-kilojoules to megajoules are available; curves c and d correspond to 

laser-heated plasmas at high temperatures where the efficiency may be as low as 

0.1 percent and much less energy (hundreds-of-Joules) is presently available. 

C.  Discussion 

Under equilibrium temperature conditions with kT =kT. = I.P./3 and 0.7 I.P. 

for carbon-like and helium-like ions, respectively, the results for the former 

(shown in Fig. 3) are encouraging with gain products in the vacuum-UV region as 

hir^h as C!L=1.6 corresponding to net gains of exp (aL) = 5.  For the latter 

' lelium-like ions), the corresponding computed gain products plottüü in Fig. 5 

represent insignificant net gain, and at most a population inversion measurement 

could be expected for available plasma densities and dimensions such as repre- 

sented here.  Only with compressed laser-heated pellet plasmas of supra-solid 

density in a linear geonetry could net amplification at high Z  be conceived. 

An increased electron temperature could have a significant effect both 

towards increasing the long-wavelength cutoff point as the n=3 laser level mixing 

rate decreases [Eq. (2) for AE  /kTe very small] as well as increasing the gain 
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product a. the n=2 to n-3 pumping „to  increases.    Electron tomper.tur« 

considerably above the "e.uil ibrium" values chosen here are not uneven
35 

under transient pre-equilibriun, conditions of Pla£ma hea£lng in „,„,,. ^ 

Pulsed devices, and significantly increased gain is conceivable for the interval 

during which the desired ion is abundant.  Such conditions arc approximated 

Within the present .odel for carbon-like ions, with the results plotted in 

Fig. 4 for N and d values corresponding to Fir 3 but with t* e r    ö   LJ-h-   J out with tarape ratures 

increased by a factor of three.  For these .odified computations  a fixed 

laSer-lon abundance of on.-thlrd the total was assumed, rather than an 

lonlzation-equilibrium value.  VSO) T^T. was again .„^ ^   ^ 

electron-ton energy equlpartition times are generally less than the ion 

creation times at such nigh densities (if T. were less than T  the gain 

products shown would increase as T.^).  Even for the somewhat conservative35 

temperature increase of 3x assumed here, peak gain products of aL « 10 are 

predicted, with a net gain of exp (nL)   ~ 2 v IfV»   -^ 
xp (aX.)   - ^ x 10 .  Thus, only a modest transient 

temperature increase is required to saturate the gain (see Section 111 A ) 

Enhanced temperature calculations corresponding to the helium-like ion 

conditions of Fig. 5 continued to yield very smal! gain products fl.« than 

10  ) and therefore the results are not clotted. 

IV.  SURMARY AND CONCLUSIONS 

Population densities of ground and excited terms of carbon-Tike and 

helium-like ions in high-density plazas were calculated by using the steady- 

state computer model described above.  AH important radiative and collisional 

transitions were included in the analysis and the laser gain product was 

derived from the coated population densities and the plasma length   The 

results of these catenations indicate significant gain products for V*3s 

lontc transitions in an amplified spontaneous emission (ASB) mode  i e 

without a resonant cavity, and for a quasi-cw equilibrium plasma model." with 

enhanced temperatures typical of a transient plasma heating phase, gains 

approaching saturation levels are predicted.  The aspect ratio has been fixed 

throughout at L/d . 10; tandem operation" could conceivably increase .his'to 

30 with a corresponding increase of a factor-of-three in the peak gain product 
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with net equilibrlum-niode ^ains ^ 100.  Therefore, vacuum-UV lasing at vave- 

lentjths between 500 and 1000 k  using existing high-density discharge devices 

appears promising for a near term proof of feasibility of ASE in plasmas at 

short wavelengths. 

Shorter wavelengths may subsequently evolve using smaller volumes heated 

by such high-power lasers as currently under development for compressed pellet 

fusion; here helium-like ion transitions might also become useful at very high 

densities. 
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Table 1:  Atomic D.ita Used in Calculations 
...           IB 

1 

Carbon-Like   Ums,   z  ■ Z-5 

lower term,   j upper   tern,   k                              AE,. fJk 
<l>^ 

2P2 

2p2 

2pB 

2p3s 

^p3s 

2p3p 

2P2 

3p 

■''P 

»P 

3p0 

3 p 

2p3s  3P0                                 2.35  zz 

2p3p ■'[)                                        (ft) 

2p3d ■''D0                                      (a) 

2p3p »D                                   1.10   z 

2p3d  :,D0                                      (a) 

2p3d :,D0                                 1.38   z 

2P 
2P0  + e                             3.75  z2 

0.05 

0.05 

0.65 

1,9/1 
o.o (b) 

0.75/1 
(I.p.) 

(c) 

(c) 

(c) 

(d) 

(d; 

Melium-Like   Ions,   z  = Z-l 

lower t e rm,   j upper  ter.i,   k                       /IE fJk ^^k 

Is2 

Is2 

Is2 

lr,2p 

ls2p 

ls3s 

Is2 

's 
b 

S 

f 
f 
s 
B 

ls2p     P0                               10.9   B8 

ls3l   'S                                     (a) 

ls3p  lt0                              11.7 «' 

ls3s  'S                                     (a) 

ls3p  'p0                                   (a) 

ls3p  lP0                                0.184   z 

Is 2S  +   e                              14.1   z^C 1.1 

0.83   -   1.1/z 

.032  -   .022/Z 

0,16   -   0.11/z 

0.014 +   .053//, 

.21   -   .26/Z 

1.04/ Z 

• ) 

(d) 

(d) 

(d) 

(c) 

(«) 
(d) 

(a) inargy gap computed from other gaps listed using AE, = AE  + AK  , vjliere |. m, 
in im um ? 

. nd a  are any t'nree terns.  Scaling used is both predicted7 and typical of roeasurCTients 

(b) Tl is quadrupot nixing is believed to be small and is taken to be ;-,eio.  It has little 

tfftet on the computed gain for most cases even if it is assumroed to be as large as the 

3s ^p dipole rate. 

(c) Ga ait factor fitted to < g > ^ ■ 0.17 (AK^/kT^)-0-47 for AE /kT • 1 and <g >.  i 0.1/ 

for AE., /kT > 1. 
jk  e 

(d) Caunt factor ! itted to < g >., ■ 0.63 (AF^./kT )-0>1!' 
jk e 

(e)     Iierived   from  collisional   rates   for  bnlium-HVe   ions  calculated  by   Laudslmff  and   Pere 22 
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FIGURE CAPTIONS 

Fig. 1 - Term diagram for 3p-3s lasing scheme in carbon-like ions showing impor- 

tant terms and transitions used in numerical modeling results described. 

Dashed arrows designate radiative transiLi.^s; solid arrows represent 

electron-collisional transitions.  Numbers in parentheses correspond to 

subscripts in the text. 

Fig. 2 - Term diagram for 3s-2p lasing scheme in helium-like ions showing impor- 

tant terms and transitions used in numerical modeling results described. 

Dashed arrows designate raaiative transitions; solid arrows represent 

electron-collisional transitions.  Numbers in parenthesics correspond to 

subscripts in the text. 

Fig. 3 - Computed gain products ciL versus atomic number and wavelength for 6- 

elettron carbon-like ions at temperatures T , T. equal to one-third the 

ionization potential, I.P. (from Table 1).  Curves a through d correspond 

respectively to electron densities of 1019 , 10ao, 10al and lO22 era-3 and 

to relevant respective plasma diaraet« rs of 3, 1, 0.1 and 0.01 mm.  The 

required plasma energies in Joules are indicated for each curve at peak 

gain; lower values at higher densities reflect a volume decreasing as 

the third power of the diameter. 

Fig. 4 - Computed gain products aL versus ftomic number and wavelength for 6- 

electron carbon-like ions at enhanced non-equilibrium temperatures T , 

T. equal to the ionization potential, I.P. (from Table 1).  As in Fig. 3, 

curves a through d correspond respectively to electron densities of 1019, 

1020, lO21 ?.nd 10E2 cm-3 and to relevant plasma diameters of 3, 1, 0.1 

and 0.01 i:~..  The required plasma energies in Joules are indicated for 

each curve at peak gain; lower values at higher densities reflect a 

volume decreasing as the third power of the diameter. 

Fig. 5 - Computed gain products oiL versus atomic number and wavelength for 2- 

electron hol'jm•1 ike ions at temperatures T , T. equal to 0.7 times the 

ionization pittntial, I.P. (from Table 1).  As in Figs. 3 and A, curves 

a through d corrcspoad respectively to electron densities of 10'9 , 

1020, 1021 and lO22 cm"3 and to relevant plasma diameters of 3, 1, 0.1 

and 0.01 inn.  The required plasma eiargies in Joules are indicated for 

■•eh curve at pr-p.k gai^ lower values at higher densities reflect a 

volume decreasing as the third power of the diameter. 
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2p 2P (5)   BORON-LIKE   GROUND   TERM 

2p2 3P(1) CARBON-LIKE   GROUND TERM 
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1s2S(5) 
HYDROGENIC  GROUND   TERM 

3s'S(3 

HELIUM-LIKE   GROUND  TERM 
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Interferoinetric  Study  of  Laser-Produced  Plaszias 

J. F. Reintjes, T. N. Lee, 
R. C. Eckardt, and R. A. Andrews 

Naval Research Laboratory 
Washington, D.C. 20375 

ABSTRACT 

High-quality interferograms of laser-produced plasmas with 

spatial resolution of 15 micrometers are obtained using a rela- 

tively simple Jamin-type interferometer and a precisely timed 

30-psec probing laser pulse from a mc^e-locked Nd:YAG laser, 

frequency doubled to 532 nm.  The spatial resolution attain- 

able with the present arrangement is limited by the velocity of 

the expanding plasma and the finite duration of the probing 

pulse.  The plasnas are produced by focusing a Nd:gla»| Q-BWltched 

laser pulse (0.5 GW, 1011 - :ö13 Watts cm"2) onto  slab targets 

of Ai, Mc, and CH2.  The electron density distribution, plasca 

dimension, and expansion veloci;y for both point  and line foci 

are studied as a function of time ^elay between the mode-locked 

and the Q-switchod laser pulses.  The results obtained with 

different durations of the heating (Q-switclied) pulse and with 

the various target material are compared. 
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I.  INTRODUCTION 

The diagnostics of l.i:;cr-procluced plasmas is beconing of increasing 

importance for various applications, including laser-generated fusion. 

Among the various diagnostic techniques, interferonetry has recently 

1-4 
been shown   to be of great value in detcrmi.iing the electron density 

profiles and oxpansion cliar.'Ctcristics of laser-produced plasmas.  Since 

one is interested in time-and-space resolved inforiiation of a plasma, 

tie probing laser pulse for such intorferometrlc applications should be 

rcrf >nably short to minimize blurring caused by the streaming motion of 

tfi? plasma during tho exposure.  In addition, the sr.ali discnsioftl ol the 

resulting plasmas require microscopic photography in order to obtain high 

spatial resolution. 

In general, it has been the case in previous neasurer'ents that the 

probing laser pul.se for illuminating the interferometer is obtained by 

diverting a portion of the m   in laser pulse (heating laser pulse) which 

generates the plasma.  The probing time resolution in such an exDeriment 

is limited to times of t'ie order of the main laser pulse.  In such cases, 

the plasma estpaMlon during the main laser pulse cannot be examined. 

Furthermore, mea£iivr • vntK with high temporal and dynanical spatial resolution 

are lifsitel by typical plsma Streaming velocities (*> 10  cm/sec) to plasmas 

generated with picoser.iiac pultCS}. 

In this paper we pros 'U^ interf eromet ; lu neasureir.in. s of plas-'-as 

generated with a Q-switched la.ser pulae 0f duration bec^Pen 1.5 to 

5,3 nsec.  The interferometer is illuminated with a ;, .■ .nr.'. t.e but s> nchronizod 

mode-locked  pulse  from a  NdiiAG  l.i-.'-  ,iti  ^ J0-p--ec 

duration.  Such a Combination e', idles us ti ^robe p\MtRta   With high temporal 
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and spatial resolution and to make nieasuren.ents during the 

heating pulse.  Interfevometric studies were made for various target 

materials and durations of the heating laser pulse using both point and 

line foci of the main laser beam for plasma generation.  In Section II, 

the experimental arrangements, including the laser synchronizationicheae, 

are briefly described.  The time-dfpendent plasma expansion for 

both the point ana line foci, including electron density profiles and 

expansion velocities, are described in Section III. 

II.  EXPERIMENTAL ARRANGEMENT 

A.  Laser Synchronization. 

The laser system used in these experiments is shown in Fig. I.  The 

plasma is created with the output of the Q-switched laser.  The oscillator 

is a single-mode Nd:YAG Pockels  cell O-switched laser which generates a 

20 mj, 20 ns pulse.  It passes through a Pockels cell shutter and is then 

amplified to a level of about 1 GW in three Nd:Glass amplifiers.  A 

Pockels cell isolator is used between the last amplifier and the target 

to  prevent    reflections from the target from damaging the amplifier 

chain.  The second mode-locked laser produces a train of 'Jo yoec pulses, 

one of which is selected for amplification and conversion to the second 

harmonic at 532 no. 

The scheme used to synchronize the two laser oscillators is shown 

in Fig. 2.  The priiv.ty problem in the synchronization of two inde- 

ppndont lasers lies in the jitter inherent in the build-up of th • isclM.^or 

pulses from the noise level.  In the case of a passively -oac-lo:k-ü i ;««, 
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the jitter in build-up time of the pulse train is typically of the onier 

of 1-10 usec from the time the flash lamps are fired.  In the case of an 

actively Q-switched laser, jitter times of the order of 10-25 ns between 

the switching of the Pockels cell and the laser output pulse are typical. 

In order to overcome these problems, a three-step switching sequence is 

used in which each step is initiated by the appearance of an appropriate 

optical signal.  The sequence is started with the arrival of the i-ode-locked 

pulse train. An early pulse in the train is used to trigger the Pockels 

cell in the Q-switched laser, with the timing adjusted so that  the Q- 

switched pulse appears near the peak of the mode-locked pulse train. 

The only requirement on the Q-switched pulse build-up is that the delay 

and jitter not be larger than the duration of the entire mode-locked train(250nsec ) , 

The loading edge of the Q-switched pulse is used to trigger f _ -ode-locked 

pulse selector, gating out a pulse near the peak of the train for amplifica- 

tion.  Selection of a pulse near the peak of the train will be reliable if 

the jitter of the Q-switch pulse build-up is of the order of a fa.,- interpulse 

spacings -- typically ~-20 nsec.  Finally, the selected mode-lockod pulse 

is used to drive the Pockels cell shutter in the Q-switched laser gating out 

a segment of the oscillator pulse. 

The accuracy of synchronization of the final output pulses xS determined 

entirely by this last switching step.  By greatly overdriviug the last laser- 

triggered spark gap, the jitter in this last step is minimized.  We have 

achieved typical stabilities of ^+0.1 nsec between the two pulses.  The 

duration of the Q-switched pulse can be varied by adjusting the length of 

the charging cable in the pulse-forming network which drives the Pockels 

cell shutters.  The output pulse intensity rercains constant as the pulse 
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length is varied with longer pulses containing higher energy.  This type 

of laser system has the advantageous characteristic  that I he two laser- 

pulse durations can be independently varied, alloving variable Q-switched 

pulse durations to be used for plasma generation while maintaining the same 

high decree of temporal and spatial resolution obtainable with the rnode-locked 

pulse in the probing measurements. 

B,  Interferometer and Target Chamber. 

The arrangement used for interferometry is shown in Fig. 3.  A slab 

target is supported in the center of a vacuum chamber.  The Q-switched 

pulse is focused with a 30 cm, f/15 lens onto the target, giving a focal 

spot 50 \im  in diameter.  For measurements with a line focus, a negative 

400-cm-focal-length cylindrical lense was added in front of the 30 cm lens, 

giving a focus of 50 um x 1 mm.  Typical power densities on target were 

13    2 11    2 
10   W/ctn  for a point focus and 5 x 10  W/em  in a line focus.  The raode- 

locked pulse is frequency doubled in a KDP crystal and is directed across 

the target at right angles to the path of the Q-switched laser.  A Jauiin 

interferometer is used, and the resulting interference pattern is photographed 

through a lOx, f/20 telescope imaged on the plane of the plasma with a spatial 

resolution of about 15 j.ra in the plane of the target.  The time of arrival 

of the two pulses is changed by adjusting a variable-path delay in the mode- 

locked beam.  The relative time of the two beams, along with the intensity of 

the Q-switched pulse, is monitored with a photodiode. 

Ill,  RKSUL.- 

The interferograms of the expanding plasma were obtained as a function 

of time delay relative to the heating laser pulse.  Because of the high 

186 



degree of accuracy in timing between the two'lasers, the shot-to-shot 

rtprodiifeibility of the interferograms at a given delay time was excellent, 

Ihenby allowing neasurements made on different laser siiots at different 

times to be compared.  A typical sequency is shown in Figs. 4a and 4b for 

a point focus on a 250-(im-thick aluminum target with a power density of 

13    2 
approximately 10  W/cm .  The main laser pulse is incident from the left, 

and the shadow of the target is clearly visible.  The times shown on Che 

bottom of the pictures indicate the time of arrival of ehe probing laser 

pulse relative to the 107, point on the rise of the Q-switched pulse.  Controls 

for these measurements included insuring that no extraneous plasma effects 

were present when either the probing laser pulse was brought in before the 

Q-switched pulse or the Q-switched iscillato-. was blocked.  As can be seen, 

during the early phase of the expansion (t ^ 0.3 nsec), the plasma has a 

relatively well-defined hemispherical shape with a diaatttt of about 100 (im. 

It expands rapidly outward from the target until a tim*  corresponding to the 

end of the laser pulse.  At later times, the interference pattern from the 

denser regions of plasma flattens, while that fron the niore tenuous region 

shows continued expansion in a cone angle of about 90°.  The flattening of 

the ir^erference fringes suggests the development of a hollow core3 IK the 

plasma as would result from Abel inversion analysis. 

The extent of the plasn.a interference is determined by the rninimuu' 

detectable fringe shift (about 1/4 fringe).  The opaque region rit «he center 

of the plasma near the target corresponds to a region of high-eltclron- 

density gradient, which causes the probing laser beam to be deflected out 

of the telescope due to the high degree of refraction in this plasma region. 

The maximum detectable electron density gradient for the present system 

can be estimated  from the angular deflection of a ray passing through a 

plasma region of length Z and  density gradient — by 
dx 
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(1) 

For an f/20 telescope, a wavelength of 532 nni and a plasraii dimension of 

100 um, Eq. (1) gives a maximum detectable electron density gradient of 

22   -3 
3 x 10  /cm /en ,  The study of plasmas in regions of greater electron 

density gradients requires the use of shorter wavelength probing pulses, 

3 S 
e.g., third or fourth harmonics of the Nd laser  ' . 

An interesting feature in Fig. 4 is a sloping region of plasma near 

the target but outside of the area illuminated by the main laser pulse, 

which is seen in exposrres taken after 1.5 nsoc (indicated by arrow na-I;s). 

This plasma region extends about 1 mm along the target surface at it., 

peak and then recedes to the target surface at later times(t >2 5 ns). 

Recently, the distribution of self-generated current flow in a laser- 

produced plasma has bean measured .  Furthermore, Drouet and Pepin , in 

an attempt to explain observations of a cathodic area much larger than the 

focal spot size, inferred that the current paths are spread out in the 

vicinity of the target surface.  The sloping feature observed near the 

surface in the interferograms is very likely due to a plasma which is 

associated with such current paths.  However, the ti-ne sequence of the 

plasm; development as shown in Fig. 4 suggests that such a feature can 

arise from the natural tendency ior the current in the plasma to take the 

least inductive path.  Current which is constrained to flow normal to the 

target in the region illuminated by the laser pulse and along the target 

elsewhere would tend to develop  paths in the plas-.a along the surface of 

the target in order to minimize inductance.  Such behavior would result 
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in features similar to ones which are observed. 

Intcrferograms (such as Fig. A) which are taken without background 

fringes are found to be particularly useful for observing fine structure of 

extreraoly complicated plasma distributions.  An example is illustrated 

in Fig. 5, showing jagged, turbulent features in an expanding plasma. 

In this particular sequence, the main laser bean consisted of a large number 

of closely clustered pulses of a few tens to a few hundred picosecond ia 

duration which could only be partially resolved on the oscilloscope 

(Tektronix type 519) trace.  Comparison with interferograras obtained 

with temporally smooth pulses indicates that such turbulent behavior is 

associated with pulse substructure. 

The time sequence of interferograms of a plasma expanding from a line 

focus on a 1-mm-thick magnesium target is shown in Fig. 6.  The intensity 

11     2 
of the laser beam in this case was about 5 x 10  W/cm  at the target. 

The interferograms on the left view the plasn.a along the short dinensioa 

and those on the right along the long dimension of the focus.  Background 

fringes have been added to the interferograms on the right to aid in the 

determination of electron densities. 

During the early stages, the plasma expands rapidly in a manner similar 

to that observed with the point focus measurements.  The plasma retains the 

ellipsoidal nature of the original line focus throughout the times covered 

in the measurement, although the transverse expansion of the short dimension 

is faster than that of the long dimension.  Regions of uniform electron 

density are observed throughout the plasma which arc parallel to the 

axis of the original focus.  As the plasma expands such regions regain 
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uniforra and apparently free of microscopic plasna instabilities on the 

scale of 15 tira. 

Electron density profiles obtained from the line focns measurements 

along an axis perpendicular to the target through the center of the plasma 

are shown in Fig. 7.  The analysis of electron density distributions from 

a line focus is simplified because the mr.jor contribution to the phase 

integral arises from a region of constant density through the center portion 

of the plasma.  However, corrections arising from the nonuniform areas at 

both ends of the cylinder were included.  Electron density distribution at 

four different times of the plasma expansion are shown. 

The electron density distributions for all of the time measurements 

are observed to decay exponentially with distance from the target surface, 

and scale length of the density distribution increases with time. 

Me^ourement of the densities near the target is limited by the large 

electron density gradients.  The maxinulra übserved gradient is the same for 

all curves at 2 x 1021 cm^/cm.  This value is in agreement with the 

theoretical limit of the optical system as determined fron, Eq (1) for a 

plasma column 1 mm in length. 

Extrapolation of the exponential curves taken at 0.5, 0.8. and 1.5 ns 

shows an intersection at the target surface at a density of 2 x IQ20 cm"3. 

This implies the presence of a density gradient steeper than exponential in 

the .icinity of the target surface, if the electron density is assumed to 

reach the critical value (~ K)21 cm"3) for the 1.06 ^ laser. 

The velocity of expansion can be determined by measuring the extreme 

detectable edge of the plasma .t different times.  This position in the 
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plasma is deLernined by the miniiimra detectable fringe shift (~ 1/4 fringe) 

18  -3 
and corresponds to a density of about,2 x 10   CQ  .  Such a curve is 

shown in Fig. 8 for plasmas genera  d with a 2.5 nsec main laser pulse. 

11    2 
Data are shown for a line focus on a Mg target (solid dots) at 5 x 10  W/cm ; 

and for a point tocus on ki  targets of thickness 250 ^m (open squares) and 

13    2 
25 jirn (solid square) at an intensity of 10  W/ca .  The expansion is fairly 

uniform during the main laser pulse with a velocity of about 4 x 10 cm/sec. 

The velocity also appears to be independent of target material, as well as 

laser power density in the range covered here.  The latter is in good 

9 
agreement with recent results reported by McLean, et al.   After the end of 

the pulse, the plasma expansion velocity decreases and, in the case of the 

25 jjra-thick Ai target, the plasma actually recedes towards the target. 

The slowing down of the expansion at the end of the pulse is typical 

of behavior observed here under a wide rangfe of experimental circumstaaces, 

and coincides in time with the flatening of the observed interferoT.etric 

pattern (see Fig. 4).  This behavior is shown -ore clearly in Fig. 9 where 

plasma expansions for two different pulse durations are compared.  A point 

13    2 
focus was used on a 250 ijjn ki  target with a power density of ~- 10  W/cm , 

Again initial velocity of ~3.5 x 10 cm/sec.and recession of the plasma after 

the laser pulse are observed.  In this case, the difference in pulse duration 

results in a time difference at which the maximum extent from the target occurs. 

The plasma expansion from a polyethylene target was also studied with 

a 1,5 ns main laser pulse, and results were compared with the data from 

an A£ target (Fig. 10).  The initial expansion velocity is the sa-e from 

the two targets.  However, the plasma from the lighter polyethylene target 

reaches a greater maxtmum extent from the target (1.8 aim) before slowing 

191 

* 



In expansion than do the plasmas from the heavier n-.atallic targets.  It is 

unclear whether such behavior is related to the atonic number or electrical 

insulation property of the target material.  In the latter case, this result 

may be associated with the possibility that current loops close within the 

target for conducting targets, but must close within the plasma for 

insulating targets. 

IV.  SUMMARY 

Laser-generated plasmas have been studied interferometrically using 

a frequency-doubled probing pulse from a Nd:YAG node-locked laser which 

gave a time resolution of 30 psec and a spatial resolution of 15 (ua. 

The plasmas were generated with a pulse from a Q-svitched Nd:Glass laser, 

with pulse duration variable from 1.5 to 5 nsec using both point and line 

foci on target.  The laser pulses were precisely synchronized in time so 

that time-dependent characteristics of the plasma expansion could be studied. 

The use of independent laser pulses for this study allowed time-resolved 

information to b? obtained about the plasma during the period that it was 

illuminated by ehe heating pulse. 

Observation of the expansion characteristics of the plasmas showed a 

rapid expansion with a velocity of ~ 4 x 10 cm/sec during the heating 

pulse, followed by a slower expansion and recession in some instances after 

the end of the heating pulse.  The initial expansion velocity was found 

to be independent of target material and did not change significantly as 

the laser intensity v.as varied over two orders of magnitude.  Spreading 

of the plasma along »he target surface was observed in a pattern similar 

to the current distribution recently inferred by Drouen and ßepin .  The 
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patterns observed here surest a distortion of the current paths in the 

plasma resulting in a lowered inductance. 

Expansion characteristics of a plasma from a line focus were compared 

with those from a point focus.  The plasmas generated from the line focus have 

the same initial expansion velocity as those from the point focus.  The 

elongated nature of the line focus Is retained in the plasma during and 

after the heating pulse, although transverse expansion of the short 

dimension is somewhat faster than that of the long dimension.  In general, 

the pla.mas thus produced appear to remain  uniform and free of instability 

on the scale of 15 ^m for the range of time delays which were used. 

Electron-density profiles were determined for the plasmas generated 

from the 1.   focus at several times during and after the heating pulse. 

The elects-density distribution was found to decay exponentially away 

from the target at all tin... while the scale length increases at later 

times.  Density gradients up to IQ21 cm^/cm are observed at distances of 

the order of 100 ^m from the target.  Extrapolation of the measurements 

shows that the density distribution must rise faster in the vicinity of the 

target than exponentially, if the critical density is to be reached in 

front of the original target surface. 

Comparison of the plasma expansion from a polyethylene target with 

that from the heavier metallic target shows an identical expansion velocity, 

but no tendency for the expansion to slow down after the heating pulse ends. 
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FIGURE CAPTIONS 

Fig, 1 - Sdietnatic diagram showing optics of both the probing (30 ps 

inode-lc ^.ked Nd:YAG laser) and the heating laser (1.5 - 5,5 ns 

Q-switched Nd:Glass laser). 

Fig. 2 - Synchronization scheme between the Q-switched and the mode-locked 

laser. 

Fig. 3 - Schematic diagram showing laser focusing optics, frequency-doubled 

(\ = 532 nm) probing laser beam, Jamin interferometer, and 

recording system. 

Fig. 4 - Time evolution of expanding plasma as shown by no-background 

fringe interferograms.  The plasma is produced by irradiating a 

0,25-mm-thlck kl  target with 2.5 ns Q-switched laser pulse. 

Point focus is used.  The time sequence is obtained with separate 

shots by varying the delay time between the heating laser and the 

probing laser pulse.  An arrow mark indicates the sloping portion 

of plasra (see the text). 

Fig. 5 - Plasma interferogram showing jagged structure due to turbulence. 

The heating pulse in this particular run is believed to consist 

of closely clustered multiple pulses. 

Fig. 6 - Interfcrograms obtained with a line focus on a Mg target, where 

axial as well as side views of the cylindrical plasma are recorded. 

The interfcrograms taken along the axial view have background fringes. 

Small ripple in the fringes may be due to nonunifonnity in the 

incident laser pulse. 
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Fig, 7 - Electron-density profiles of expanding cylindrical plasma for four 

different delay times.  The heating laser pulse duration was 2.5 nsec, 

and the target material was magnesium. 

Fig. 8 - Location of isoelectron density front as a function of time. 

The duration of the heating laser pulse was 2.5 ns, and the plasmas 

are produced by line focus onto 0.25 mm Ae target (square) and 

also point focus onto 0.025 mm ki  target (open circle), respectively. 

Fig. 9 - Isoelectron density front of expanding plasma as a function of time. 

0.25 mm Ai target is irradiated by point focus of 5.5 ns (closed 

circle) and 1.5 ns (square) heating laser pulse, respectively. 

Fig. 10- Location of expanding plasma front as a function of time.  0.25 mm 

ki  (closed circle) and polyethylene (square) targets are irradiated 

by 1.5 ns main laser pulse. 

\ 
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Efficient Harmonic Generation 

From 332 nm to 266 nra in ADP and KD*?T 

J. Rointjoa and R. C. Eckardt 
Naval Research Laboratory- 

Washington, D.C. 20375 

Abstract 

Second  harmonic generation of mode-locked  pulses   in AD? and KD-P 

from 532  nm to 266  nm v/ith 85% conversion is   reported.     Two-photon 

absorption coefficients  arc measured  for the  two materials and found 

to be relatively unimportant  in  the   limitation of harmonic  conversion 

compared  to the effects  of phase mismatch and  dispE-rsion, 

TWork  supported   in part   by Defense  Advanced  Research  Projec-s  Ac-encv 
under ARPA Order  2694. 
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The generation of the fourth harmonic of Nd laser radiation by two successive 

stages of second harmonic generation provides a convenient source of high-power 

ultraviolet pulses for a variety of applications.  In experiments involving high 

conversion levels, there hava been significant discrepancies reported between 

theory and experiment in the conversion efficiencies of the second harmonic to 

fourth harmonic in crystals of ammonium dihydrogen phosphate (ADP) and potassium 

dideuterium phosphate (KD"P).  Typical experimental values lie between 30 and 40% 

for a wide range of experimental conditions and pulse durations, while corres- 

ponding theoretical conversions are in the range of 70-80%.  It has been pointed 

out that conversion of short laser pulses can be limited when dispersion in the 

group velocity reduces the spectral width of the phase matching peak below that 

of the laser pulse ,  The observed discrepancies in conversion efficiency have 

also been attributed in the literature to such varied processes as energy loss 

due to linear or nonlinear absorption at 266 nm, disturbance of the phase match- 

ing condition due to absorption followed by local heating, and improper or in- 

2-4 
complete phase Matching 

In this letter we wish to report observation of high efficiency conversion 

of picosecond pulses fron 532 nm to 266 nra in shott crystals (4 mm in length) of 

both ADP and KD'-P.  Energy conversion efficiency up to 85%, the highest value 

yet reported at these wavelengths, has been observed in ADP, and comparison with 

theoratical calculations shows excellent agreement.  We also investigated the 

relative importance of absorption losses and limited phase matching due to phase 

mismatch in the crystal or phase modulation of the pump pulse in limiting con- 

version efficiency. 
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generated har.onic p.iso as  the crystal .as tuned  thresh its ph„,.ffl.tehlng 

?^ >y varying either the angle or  temperat«re.     In addition to observing the 

harmonic  generation   and  pu,p  depletion,   ue  observed   the  variation  of  the «or- 

-ali.od sun, of the harmonic  pulses and  transmittad green pulses 

K i-; 
s . -t + Jl 

S E o o 

■ '. .r 

Cre-: 

^   a£   is   transnitted  green  energy,   ^   the  harmonic  energy,   and   1^  the  incident 

;  ^'W'     A deviation  of  the  su.   from unit, as   the  crystal   is  Led across 

- ' -tchin,: peak   iedic^es  the presence of  optica.   losses  in th- crvstaK 
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Linear and nonlinear absorpf-.ion at 265 nra were measured separately on several 

satnplea of each material.  Linear absorption coefficients for both materials 

were 0.035 cm  .  Tv/o-photon absorption coefficients were determined to be 

e - 6 + 1 x IG"11 Ctn/W for ADP and p = 2 + 1 x lO"11 cm/ll  for KD'-P.  No signifi- 

cant saniple-to~sample variations were observed. 

We investigated the effect of crystal length on harmonic conversion effici- 

ency using 4-cna, 12-mrii, and 25-mrr. crystals of ADP and 4-nim, 12-mm, and 20-r.im 

crystals of KD'^'P (the two shortest crystals of KD""P were 997,  deuterated and the 

longest 90% deuterated).  The 25-mm crystal of ADP was temperature tuned at 90 

phase matching while the rest of the samples were angle tuned at room temperature. 

9    2 
Peak intensity of the green pulse was 10 W/cra for these measurements.  For each 

material conversion efficiency first increased with crystal length and than 

3 
decreased (Fig. 1).  This behavior is similar to that reported elsewhere and has 

been used to infer the importance of nonlinear absorption in reducing the efficiency 

in longer crystals.  In the present case, however, the constancy of the energy sura 

'see Fig. 1) shows that the effect of optical losses is negligible.  This -esult 

is in agreement with calculations based on the measured absorption, coefficients, 

which show that two-photon absorption is not effective in reducing conversion 

below 90% when the optimum crystal length is used. 

The increased green transmission in the longer crystals indicates that 

the harmonic Is driving the fundamental through a parametric back reaction, 

implying a loss of perfect phase matching.  This effect was confirmed by 

spectral measurements which showed that considerable structure appeared on 

both the transmitted pump and generated harmonic pulses when the longer crystals 

were used (Fig. 2).  This behavior is consistent with calculations of Karamizin 

and Sukhorukov which indicated that phaüe modulation in the presence of group 

velocity mismatch results in sioplitude  Btructuro on thfi p.ilso.  Our 
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calculations which take into account dispersion and parametric b10k reactions 

and which xvill be presented elsewhere in greater detail show that the Conver- 

sion of phase-modulated pulses undergoes oscillation with crystal length.  Tin 

result for a Gaussisn phase-rr.odulated pulse with the parameters of our input 

pulse is shown in Fig. 1.  The experimental variation of conversion efficiency 

with crystal length is qualitatively accounted for by this calculation. Exact quantitative 

agreement for all crystal lengths would require precise knowledge of the phase 

structure of the input pulse. 

If lack of perfect phase matching is the only limiting mechanism of conver- 

sion in longer crystals, optimum conversion should be obtained in shorter ones. 

Accordingly, we measured conversion as a function of pu;nping intensity for 4-inm 

samples of ADP and KD'-r (Fig. 3),,  The energy conversion increased monotonically 

with intensitj' for both materials,  Efficiencies up to 857, were observed in ADP 

9    2 
and 75% in KD-'-'p at pump intensities of 8 x 10 W/cm .  The measured valr/i of 

energy converaion in AD? were compared with theoretical calculations using 

-12 
experimentally determined beam parameters and a value of d ,f = .56 x 10   m/V 

for the second harmonic coefficient .  Theoretical curves arc shown in Fig. 3 

of harmonic conversion of pulses with Gaussian temporal shape and either uniform 

or Gaussian spatial profi'U-s.  The experLrnintal points for ADP lie consistently 

between the theoretical values calculated for these two beam profiles.  This 

iudicatea that good agreement between theory and experiment would be obtained 

for a spatial profile which is intermediate between the two forms which were 

considered here.  Such an intermediate profile would be representative of the 

clipped elliptiepl beam actually used in our experiir.ints.  Thus we conclude that 

our exptiritncmtally determined conversion efficiencies are in substantial agree- 

ment; i-.-itli theory, with ."ore exact quantitative agree-.ent requiring more precise 
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knowledge of all beam characteristics.  The consistently lower values of conver- 

sion efficiency for KD-'-P as compared to ADP can be accounted for by the lower 

tabulated value for th§ second harmonic coefficient. 

The results presented in this letter demonstrate that the wast efficient 

harmonic conversion of 30-psec pulses from 532 nm to 266 nm in ADP or KD'T is 

9    * 
obtained in short crystals (< 1 cm) at high intensities (> 10 W/cm ).  If non- 

linear absorption were the dominant limiting mechanism, optimum conversion would 

require the use of long crystals and low intensities.  However, cur measurements 

show that absorption effects cause negligible energy loss for the harmonic genera- 

tion in this experiment.  Conversion efficiency in long crystals is limited by 

group velocity dispersion combined with small amounts of phase mismatch.  Perhaps 

more important than decreased conversion is the appearance of spectral and tem- 

poral distortion of the harmonic pulses that occurs in longer crystals. 

The use of picosecond-duration pulses limits this investigation to instan- 

taneous effects.  These results therefore can provide a useful basis for com- 

parison of results obtained with longer-duration Q-switched pulses at high 

repetition rates in which instantaneous and long-term effects have not been 

unambiguously distinguished.  Our measurement of two-photon absorption in ADP 

is consistent with the value which can be inferred from measurements with longer 

pulses3.  Consesequently, we do not expect this absorption to increase due to 

integrating effects.  Thus, nonlinear absorption by itself is unlikely to effec- 

tively limit conversion of longer Q-switchcd pulses.  It can however cause local 

3 
heating, resulting in loss of phase matching as has been previously observed . 

A comparison of ADP and KD*P showed that the two materials behaved qualita- 

tively similarly under short-pulse excitation.  Conversion efficiency in the 

short crystals was slightly higher in AH than KD*? for a given pumping intensity. 
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Measurements on longer crystals of both materials showed the same degree of 

spectral structure, indicating that the group velocity dispersion of KD-P is 

closs to that of ADP in this wavelength range.  KD-T has the advantage of better 

stability with small changes in temperature , and the lower two-photon absorption 

coefficient could reduce local heating at higher average powers. 

The authors thank David Anafi of Läserrn.etrios for use of the 20-rcm KD*P 

crystal and J. M. McMahon, C. Y. She, and L. J. Palumbo for critical reading 

of this manuscript. 
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FIGURE CAPTIONS 

Fig. 1 - Dependence of harmonic conversion efficiency (a) and energy sum (b) on 

crystal length.  Experimental points are determined at the peak of the 

phase matching curve.  The theoretical curve (solid line) is calculated 

for a phase modulated pulse with the parameters oE our input pulse, 

taking into account group velocity dispersion and parametric back 

reactions.  The dotted line is drawn through the experimental values 

of the energy sum. 

Fig. 2 - Spectral distribution of incident and transmitted pump and harmonic 

pulses in 25 mm AD? crystal . 

Fig. 3 - Dependence of harmonic conversion efficiency on peak pump intensity for 

4-mm crystals of ADP and KD^P.  The theoretical curves are calculated 

for ADP in the absence of dispersion for the indicated spatial profiles. 
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A steady-state computer code has been used to co-nute 

population densities of excited terns in carbon-like and 

helium-like ions.  It is shown that an inversion betv.'e&n terns 

ol the ls"=2s?2p3p and ls22s£2p3s configurations sufficient to 

produce observable laser gain can be obtained in high-density 

plasmas such as produced by laser irradiation of pellets or 

electro.-.a^neticilly driven pinch discharges.  Such inversions 

in clerr.ents c: itz~.ic  number Z =  15-40 give rise to lasing in 

the 1200-303 .-. range.  Shorter wavelength lasing (80-5 A) 

on Is3s->ls2p cransitions in helium-like ions of Z -- 10-40 is 

also r,cdcl:-d; bit significant gain is probably not possible 

with current olasrr.s devices. 

■'•This work is part of the joint NRL/ARPA Soft X-Rav Laser Program 
(ARPA Order 2694N. 
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INTRODUCTION 

An intense effort lias been underway for the past several years to find 

methods for generating coherent radiation at wavelengths shorter than 1000 Ä, 

as is evidenced by the large number of experimental and theoretical publications 

in this field.  Details are treated in a recent review paper  and in references 

therein.  Barring some fortuitous discovery, short-wavelength lasing vzill most 

likely be attained by a progressive step-by-step process, possibly working from 

known lasing Scheines in the UV to shorter and shorter wavelengths into the soft 

x-ray spectral region.  A Straightforward approach would be the isoolectronic 

extrapolation of a known lasing scheme in the visible or near-UV involving a 

neutral atom or a low stage of ionization " , and attaining vacuum-UV lasing 

using higher stages of ionization as created in a plasma.  As a precedent, a 

number of ions have recently been shown  to läse in the near-UV region in 

Z-pinch plasma devices; extrapolation to non-cavity amplification is the first 

challenge. 

This article reports on a scheme for achieving lasing below the 1000 I 

"barrier" by the isoelectronic extrapolation of a transition which is respon- 

sible for a large number of known visible and near-UV ion lasers, cany of which 

have been shown to läse in the cw mode, i.e., with steady-state population 

inversion.  This is of great importance for vacuur.-UV lasers, where self- 

terminating inversions require very short puap risetimes ' .  The method and 

results reported here represent primarily a refinement of previous analytical 

calculations for 3p-»3s lasing in six-electron carbon-like ions, following 

electron collisional pumping from a 2p ground state reservoir .  Initial 
Q 

extrapolations to high densities  are expanded upon.  Also, the multiple ionic 

energy levels and the atomic transitions between thera are considered in increased 

detail here through the use of a computer progran which solves coupled steady- 

state rate equations to obtain energy-level population densities for given 

plasma conditions.  The addition of ionization and recombination, as well as 

radiative trapping, represent other important advances in the present results. 

Because of the close similarity between the carbon-like schon« and another 

elcctxwu-collisional pulping scheme involving 3s "Ip lasing (col 1isionally 

pumped ls-*3s) in the 30-100 Ä range in noderate-Z helium-like ions, the computer 

code developed for the carbon-like ions was also used to model this two-electron 
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schäme.  AUl.o«Sh population inversions «re computed and are presented for a 

wide range of plasna conditions and for a number of element, in the heliu« 

iooeloctronic sequence, the resulting n.t gain calculated is insignificant at 

densities and dimensions available in stSt.-of-the-art plasna devices. 

Both of these schemes operate over transitions of insufficient energy to 

cause photoionization losses in the a.nplifying mediu.. in contrast to innershell 

sche.es proposed for short-wavelength Using where such losses can be the limiting 

r1,9 

^Descriptions of the physical .odel and computer code are given in the next 

section, results fcr the carbon-like and helium-lik. sche.es are presented and 

described in Section III. and the feasibility of these scheme« for produexng 

short-wavelength Using is discussed briefly in Section IV. 

II.  NUMERICAL MODEL 

A.  Pulping Schemes 

As diagrammed in Fig. 1 for the six-electron carbon-like species and mentioned 

,  .. •    mQ ir. 3n unner la-er tienti is assumed   to be in the IntroductLon, the ip    U upper i^.- 

punned by electron collisional excitation from the 2p 3p ground term on the 

same ion10.  Radiative coupling of these tvo terms is dipole forbidden, so that 

spontaneous and stimulated emission into the 3s 3p iower laser term is favored. 

Also, the population density in this Utter ter™ is rapidly deleted to the 

2P 3p ground "reservoir" term by dipole decay, resulting in a possible steady- 

state population inversion and quasl-CW lasing.  The terminology "quasi" here 

„fers to possible transient lasing conditions associated with environmental 

A  „n^ t-o ..Plf-terninati T often associated with short- plasma changes; and not to seil cerniurtu 
.  ,= .nd caused bv UC; of either lower laser term depletion 

wavelength laser schema« and caus-a BJ 

or reservoir sLato replenishment.  The latter is a common problem with many 

schemes based upon purplng by ioni.ation or recombination and is eliminated xn 

a single-ion scheme s.ch as modeled her., .here the initial reservoir tenn is 

j     fr^-   fhm   Inupr laser ten?, with continuous 
rapidly replenished by dipole decay fro^ Che lo..er laser 

lasing resulting. 
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At the incrcaspd densities required for amplification without nultiple 

pass cavities, collisional mixing between terms becomes an important process 

competing with radiative transitions, and the nearby 3d 3D term is the r-ost 

important.  This term is strongly dipole coupled to the ground tsrn (as is the 

lov;er laser term) and is included in the nodeling.  This strong radiative 

coupling also requires the inclusion of resonance trapping effects for both 

terms in the numerical model.  The total density of lasing ions in the plasma, 

and hence the net gain, v;ould be affected by significant ionization or recom- 

bination.  For example, at the high temperatures desired for large collisional 

pumping the former is a concern for creating significant densities of boron- 

like ions.  Hence, ionization and recombination rates between carbon-like and 

boron-like ions are included. 

In close analogy to this 3p-*3s model, the 3s 1S tern in hsliuD-like ions 

is assumed to be pumped from the Is 1S ground terra by collisions, jith lasing 

taking place on 3s 1S->2P 'p transitions followed by rapid Is 2p 
1P->ls

r IS resonance 

decay.  The detailed term structure is shown in Fig. 2. 

B. Rate Equation Code 

In the most general case, the populations of the excited and ground 

levels of an ato-nic species in a plasma can be determined at each point in 

time by the simultaneous solution of a set of rate equations which express 

the time rate of change of the population density of each atomic energy level 

as the sum of the rates which populate this level by transitions from, all other 

levels, minus the sum of the rates which reduce the population of the given 

level by transitions into all other (higher or lower) levels.  If the rate at 

which plasma conditions (temperature and density) change is much »nailer than 

the dominant transition rates in the tirre-dependent rate equations, then each 

rate of population density change can be neglected (set to zero); this yields a 

coupled set of tiac-independent or steady-state rate equations, each of the form 

m. 
-—5 = 0 ---V N. W., - N, V W, .. 
dt      /L~i    j  jk   \   i-J    kj (1) 

J/=k 

where t is the time, N. and N  arc population  densities  of  levels j and k. 



,lld u  (slmlarly for H ) represents the su«, of the rates for all atonic 

pr0ceisc8 which populate level k fro. level j.  An equation of type (1) Is 

Lquircd for each level. ...considered.  In general, levels J and k nay be In 

the same or in different Ionisation stages, and the Ws are functions of the 

ioni.ation species, the temperature, the density, and the radiation field 

intensity at each point In the plasma. 

For a precise dynamical plasma model, one must solve a large set of 

time-dependent rate equations, taking into account all Important exerted 

and ground levels for each stage of ioni.ation of each element foun  in the 

plasma.  AH significant atomic processes affecting the population densr re. 

of these levels (including ionization and recombination) must he Included rn 

the computation, as well as the possibility that the populations .ay   ry  not 

only temporally but also spatially due to boundary effects, plasma motion. 

,   .     ..-  „i-r-  Tt was rot the aim of the present 
plasma structure, radiatlcn transport, etc.  It 

..   -.      „^„i   Rat-hpr  the nuroose was to 
effort to produce such a full-scale pi-bma 

introduce certain simplifying plasma assumptions into a model to estimate the 

conditions required to produce population inversions in plasma ions, to  ook 

for optimum plas.a conditions, to identify promising elements and ronr.atron 

stages for producing Using in existing plasmas, and to gain physical rnsrght 

Jo   the processes resulting in or hindering the achievement of short-wavelengtn 

lasing in highly stripped ions. 
in the present code, the population densities of the levels of interest 

and th. electron and ion densities are assumed to be spatially no.ogenao.s; 

they are also assumed to be time independent in order to avoid the Solution 

of 1 set of coupled differential equations, rendered nonlinear by the inclusroa 

of .adiation trapping as discussed below.  Thus the inversion and gam coated 

here would be valid for a homogeneous portion of a larger plasm« and would be 

applicable to plas.as which maintain their conditions for a reasonably long 

,   .  i..«a nPT-pnetcrs such as the electron 
time  Similarly, all other relevant plastna parametera. 

temperature  V and the ion temperature, ^ (which is assumed in .ost^cases 

to be equal to lender the equilibrium conditions achieved rapidly at high 

A **   nf   in  time  Plasmas in existing devices which 
densities), are assumed const, ut in time. 

satisfy this condition are monti ied below. 
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The  credibility of the present calculations is enhanced by   the agreem»nt 

between the results reported here and experimental results5 for similar ionic 

configurations.  In a sense, the present steady-state taodel yields cainly 

minifflutn laslng requirements.  Transient conditions can be defined 

during a heating phase in which enhanced inversion densities (and gains) can 

be achieved at higher temperatures before significant ionizing depopulation of 

the desired species occurs; this possibility is analyzed below for the 

carbon-like ions. 

It should be noted here that although the present analysis for 3P-^s 

Using  concentrates on carbon-like ions, the computed population inversions 

and gain should be comparable for 3p^3s transitions in the boron-like through 

the neon-like sequences, i.e., where 2p valence electrons exist.  The six- 

electron ion was chosen as a model because it was expected7 to produce slightly 

(but not significantly) more gain than other ions of n^ore or fever electrons. 

In fact, bo con-like ions may produce a siupler spectrum, and neon-like ions 

may be advantageous due to the extended lifetime association with rare gas type 

ionic species of increased ionization energy  . 

The set of equations (1) is solved when reduced to a finite and tractable 

number by considering only the most relevant levels in the carbon-like or 

helium-like ion.  For the triplet terms in the carbon-like ion, the levels 

corresponding to a particular J value are assumed to be populated in proportion 

to their statistical weights.  This is plausible since collisior.al rnixing is 

rapid between these closely spaced levels for the large electron deusities 

required to achieve observable single-pass gain along the s^all plasma lengths 

attainable with present-day devices.  Hence, in computing the carbon-like 

population densities, the levels of a given term are lu-psd together and the 

averaged tern-to-term transition rates are used in Eq. (1),  However, because 

the width of the laslng line is less than the 3p->3s tnulciplet splitting, the 

gain is computed only for the strongest component of the r.altlplet.  Also 

only those terras of the ground and excited configurations which are expected 

to have the largest effect on the population inversion are considered.  The 

energy levels and the important transitions between then are included in 

Figs. 1 and 2. 
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Thus, a coupled set of five equations of type (1) are solved for popu- 

lation densities of the following carbon-like terns, whore the numbers in 

parentheses are the respective subscripts used in subseaucnt equations p.vid 

in Fig. 1:  (1) the ground term, 2p3 3P; (2) the lower laser tonn, 2p3s SP; 

(3) the upper laser term, 2p3p 3D; (4) the nearest competing term, 2p3d 3D; 

and (J) the ground term of the next higher ionizntion stge (boron-like ion). 

Transitions from the ground term into other excited triplet terms deplete the 

ground reservoir term population by at most a few percent for the conditions 

which show appreciable population inversion, and are thus ignored.  The three 

terms of the ground configuration of the carbon-like ions (under nost plasma 

conditions of interest here) contain most of ti.e population, and it is assumed 

that this population is divided among these terms in proportion to their 

statistical weights; with 607,   [P in Eq. (17)] of the total population density 

in the triplet system (shared by the 3P g-ound term and tne sparsely populated 

excited triplet terms) and the remainder shared hetweer, the 2p3 1S, 2p2 1D, 

and excited singlet terms.  The total ion density is tied to the electron 

density through charge neutrality. 

Because it is desired to operate at a high temperature for maxitaum pumping, 

only lonization equilibrium with the next higher ionic species is considered. 

The gain is optimised &y selecting a temperature for rapid pumping without 

excessive lasing-spec'es depletion by ionization.  Analogously, for the helium- 

like ions, a set of five coupled rate equations iF solved with subscripts 1 

through 5 designating the following singlet terms:  (1) the ground terra, lss 1S; 

(2) the lower laser term, 2p 1P; (3) the upper laser terrr, 3s ^S; (4) the nearest 

competing term, 3p -?; and (5) the Is  S ground t^rm of the next higher (hydrogenic) 

ionization stage.  Tie fraction of the total helium-like ion density which 

occupies the triple', system i:i expected to bo small fur the high Z's and high 

dens ities cor.a Ide'.edSw re. 

C.  Rates Applied 

In computing the rates (W's) in Kq. (1), estimates of all important col- 

lisional radiative prjcosscs between the five terms mentioned above were included 

where applicable.  Specifically included for the lasing ion were electron*1 

collisional excitation, deexcitation, ionization, and recombination (three-body), 
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as well as spontaneous photoemission, resonance photoabsorption (through a radiation 

trapping trcatiticnt), and radiative recombination.  The effcecs of pliotDioniiLation and 

dielectronic recombination processes were insignificant. For efficient computation, simple 

analytical estimates for the rates of the various atomic processes were uspd in 

place of more accurate quantum mechanical calculations or published tabulations 

of such results (which are not available for rill transitions, species, and 

ionization stages required in the present stud/), Most of these analytical 

formulas were obtained from collections included in References 12-14. A 

Maxwellian velocity distribution of electro1-s was assumed to hold for all 

calculations. 

1.  Excitation and Dee::citation 

15 
For the numerous transitions and ions included, the convenient  effective 

Gaunt factor, or g, analytical formula of Seaton  and Van Regemorter  was 

used to compute the collisior.al excitation rate, C^, for transitions from jk' 
lower level j to upper level k 

C, = N X., = 647t2 (, 
jk   e jk ^•'"•(Wfe) 

(2) 

f
jk<s>

jk
exp <-AVkV' 

where N is the electron density, X., is the ccllisional excitation rate 
e jk 

coefficient, h is Planck's constant, a  is the radius of the first Sohr orbit, 
' o 

E is the ionization potential of ground-state hydrogen (13.6 eV), k is the 
H 
Boltzmann  constant, T is the electron temperature, £E., is the energy gap 

e jk 
between levels j and k, f., is the absorption oscillator strength for j->k 

transitionsj and < g > is a Maxwellian-averaged effective Gaunt factor.  The 

rates for collisional deexcitation, D, . were co.nputed from the rates for 
kj 

collisional excitation through detailed balancing. 
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D
M   ^j^if cjk -p ^E

jk^V. (3) 

where Xkj is the collislonal deexcitatlon rate coefficient and g ai,d g are 

the statistical weights of levels j and k, respectively.        ' 

The energy-level spacings, AE ., were approximated by scaling cither as 

zs   or z for levels j and k of different or same principal quantu= number, 

respectively, „here z   is the spectrum number or the charge seen, by the outer 

(optical) electron.  Scaling coefficients were estiraated fron tabulated energy 
..    lo, 19 20 
levels     and spectral lines  , and the AE's should be accurate to better 

than 157..  The oscillator strengths required for the modeling of the carbon- 

like scheme were assumed21 to be constant along the isoelectronic sequence for 

An^ transitions and to vary as Z"1 (where Z is the nuclear charge) for An=0 

transitions, with values extrapolated from limited data for low ionizaticn 

stages published by Wiese, et. all8.  The more abundant data18 on heliuts-lik« 

ions allow  the use of a n.uch more accurate oscillator-s.rength estlnuto varying 

linearly with Z"1 .  The Gaunt factor, <g >   is a function of x B AE.k/kTe 

obtained earlier from an empirical fit
12.lM7 ^ existina ^..^  ^ 3^^uiatio. 

of experimental and theoretical results for scattered cases16'22 indicates that 

this empirical fit is approximately correct for n-2 to n-3 trensitions.  Thus, 

the data can be fitted in the relevant range of x - 0.04 to 1.0 by a power law 

expression. 

on 

.--9 
" ^jk    G x   ' (4) 

"ith  a - 0.17  and   3  -  0.47.     For  x ^  1.0.   a  constant  value   of  0.1/   is   assumed. 

Fcr  n-3,   An-O   transitions,   it   has   become  clear     that     th«       Caunt 

factor   is  higher   and,   for   the   relevant   range   of  0.01   ^ y. C 0.7,   a   similar 

relation  is  assumed  with   a-  0.63   and   ß  =  0.15.     This   latter   fit   also  appears 

to  be  approximately  correct   for   the   helium-like   ion   resonance   transitions  B-l 

to  n-2,3  which   involve   the  X - 0.1  -   1.0   range.     The lese   ex?l isslona  for < g > 
Jk 

cannot   be   expected   to  be  more   accurate   than  a   factor  of   two  at   present,   ..nd 

the   separate  expressions   assumed  are  only  significant   for   th«   larger values  of  x. 

where  a  common  averaged  expression would   lead   to  an   overly  cptimi.Llc   gain   resulting 

from  increased  collisior.al   pumping  and  dec-eased   n  3  mixing. 
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The ßdoptod oscillator strengths, Gaunt factors, and onersy-leval scaling 

relations are listed in Table 1.  For computing the colllsional excitation and 

docxcitatlon rates for the An-1 "dipole-forbidden" 2p 3P-)3p 3D transition between 

tarns of the sane parity, Eqs. (2) through ('O were used with an oscillator 

strength assumed equal to 0.3 as deduced from calculations published by 
22 

Vainshtein, et al  .  For the An=0 quadrupole 3L' 
3P~>3d 3D excitation rate 

both zero and a value equal to the 3s :'P-3p 3D dipole rate were assumed. 

The true value is expected to be the smaller for the small energy ^ap involved. 

The effect of the comparison on the co.rputed peak gain values was ^ 207, and 

a zero value was used. 

2.  Radiative Decay with Opacity 

Spontaneous radiative decay rates, A^ ., were computed from the absorptl 
i8 

oscillator strengths f., , by 

on 

cr 
.-a      0 

(5) \ ^  " ^   >- «J  f jk' 

where  c  is   the  velocity  of   light,   r     is   the   classical   electron   radius,   and 

X       is  the wavelength  of  the  radiation  emitted  in  a  spontaneous  transition 
kj 23 

from k  to  j.     Induced   emission       terms, IB .  ,  can  be   ignored   for  r. = 3  to   n=2 

resonance   transitions  because  I   B../A.,   ■   1 (g. N ./g .\.) "11''   «  0-15.   for 

v kj  kj      k j  J k 
AE /kT «2 at kT ^i.p./3.  This is also the case for transitions between 

jk  e        e 
n-3 terms as long as    plasma is optically thin in the transverse direction, 

as is calculated for the conditions considered.  Resonant photoab-orption in 

an optically thick plasi.ia can be important in reducing the effective lower- 

lascr-level radiative depletion rate and, hence, destroying the SLaady-statc 

inversion; consequently, it must be considered in a rodel of this typs.  Since 

the only source of resonant radiation is assumed to be from spontaneous eiT-ission 

resonant photoabsorptinn is accounted for by modifying the radiative decay rate 

with an "escape factor" F, .(T ) according to a method originally treated by 
24 '■'S^-1  0 -3 

Hibernian + and Holstein"  and conveni ;-ntly summarized by McV.Tiirter  , where 

F, ,(T ) ■ 1 
kj  0 ,u <p (-x3) (i e>;p[-T  ex? ( -..,>) (ft) 
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Here T is the optical depth at lino ccatcr, which for Dopplcr-broadened lines26 

.   . 12 
is i,ivcn  by 

rM.c 

ikf. 

2\ "i 

o kj j jk (7) 

with Mi the mass of the radiating ion, T. is the ion temperature, and r the 

plasma radius.  The escape factor, which is an inverse function of the optical 

depth (and hence of the lov;er-level population density), ranges between zero 

and unity and re luces the effect of the decay process at large depths. The 

explicit inclusion of this factor in Eq. (1) makes this set nonlinear, requiring 

a solution by iterative metaods; this dictated a limitation to a reasonable 

number of levels included in the modeling.  Since the optical depth depends 

upon the physical dimensions of the mediun, the plasma diameter becarae aa 

additional important parameter. 

^■  lonization and Recojbination 

The most convenient formula for computing the rates, I.-, of electron 

collisional ionization from the ground (j = l) and fxeited tenr.s (j=S,3,4), 

respectively, of the lasing ion into the ground terra (5) of the next higher 

species comes from a semi-empirical fonrula in a form given by Kunze  (which 

fits the data compiled by Lotz t') 

I.5 = 7.5 x 10 
qN 

a   e 
AE 

j5 

('  40kT \ 

(kTe)- 

j5     e 
(8) 

where q is the nanber of equivalent electrons in the outer shell end 42.. is 

the ionization potential from term j.  Both kT and AE , are in cV, while U 
-T       . e      J5      27 29      e 

is in cm  .  For Lno helium-like ions, this formula is expected  '   to be 

accurate to 157, for ground-state loniSAtion and 257, for excited-state ionization. 

For ions other than hydrogenic and lieliua-1 ike, this formula ovareitiaatea the 
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Ionisation  rate by approximately a   factor-of-tuo 
29 

and  this 

correction was included in the carbon-like ion no^oling.  Rates for collisional 
c 

(three-body) recombination, R,-. , into ground and excited terras wc-re deduced 

from Eq. (8) using detailed balancing and the Sana relation tc give 

vGib 
h3   N     exp   (AE../kT  ) 

_ e       r   x     j3       e/ 

2   (2n m    kT )7S \ e       e' ^5« (9) 

wher'1   (N./Nr)        is   the   thermal  cquilibriua population  ratio  and c     is   the j     5  eq i r  r e 

electron mass. 

The   rate  of   radiative   recombination,   R,-• j   into  either  ground  or  excited 
5j: 30 

terms is adopted from a forraulation due to Grien:  for the total recombination 

rate into hydrogenic levels of a given principal quantum number, n, with 

appropriate corrections through a multiplicative factor Q. for noahydrogRnic 

behavior of the ground terms and for statistical weight partitioning into 

the various terns. The rate is given by 

^j = T ^  Nero  C : Q X^ E1 (x) exp (x), j-1,2,3,4, (10) 

where x = AE^/kT    and  E..(x)   is  the  exponential   integral   of  indix one.     The 

total   recombination   rate,   R     ,   into   terra  j   is  defined  by 

R, .   3 R^.  +   ?S. 
5j DJ DJ (11) 

4.  Ion ^oH isional_Rates 

The rates for the i.iportant excitation and dfexcitation processes due to 

Ion collisions were Sstlmated from the above electron collisional rp.tes using 

a "guillotine factor" approach described by Weisheit   and were found to be 

negligible for all coruiitions considered in the present modeling. 
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D.  Explicit Rate Equations 

Using the atornlO rates defined in the above equ-.tions, one c^.n writl 

Eq. (1) explicitly: 

dN 

^dT = 0 =  -h   ^2 + C13 + C14 +   hs* + N"2 (A21 F21 +  D21> 

+ N3D31+N4  (A41 F4l+ D41> + K5R5l' 

df " 0 " -N2  (A21  F21 + D21 +  C23 + C24 +  I25) + Nl  C12 

+  N3   (A32  F32 +  D32) +  N4   D42 +  N5   K.J. 

dN 

dN^ 

IF = 0 = -N3 (D31 + A3r: 
F32 + D32 + C34 + I33> + Nl C13 + N2 C23 

+ N4 (A43 F43 + \3^ +  N5 R53' 

dN, 
•at" - 0 - -N4 (A41 F41 + D41 + D42 + A43 F43 .. D^ + I45) 

+ Nj C14+ N2 C24+ N3 C34+ N5 R5V 

and 

dN 

"dt" 0 = -N3 (R51 + R52 + R53 + R54) + Nl ii5 

+ N2 I2. x N3 I35 + N4 I45. 

(12) 

(13) 

(14) 

(15) 

(16) 

'hese five equations are not linearly independent since, for the closed system 

of five levels, th« sun of any four equations yields the fifth.  Hovsver, an 

additional constraint imposed by the assumptions of chai£-c neutrality and neglect 

of plasm« motion (expansion or compression) yields an additional e'-uation 

,Z-6 
Ne = ( P'^  (Nl + N9 +  N\ + N/) + O5) N- 3 r "4' (17) 
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which makes, fur a selected electron density, the systea soluble,  lioro P is the 

fraction of the laslng-Specles ions which occupies terns 1 through 4 »nd is 

yet equal to 0.6 by assuming most of the population is in the ground terns of 

which N. represents the triplet contribution (Section II.B.). 

Equations (12)-(1?) uere solved simultaneously for the five unknowns, 1^ 

(k^l through 5), by an iterative method.  Since the escape factors for nost 

conditions of interest were small perturbations, convergence was usually rapid. 

III.  CALCULATED RESULTS 

A.  Gain 

The gain coefficients, a, for transitions 3p 3D^3s 3P in carbon-ltkc ions 

and 3s 18-)2p 1P in helium-like ions were computed from the population densities, 

N and N-, for a Doppler-broadened  line from 

ro X32 82 f23 
(18) 

Such where g , g  are the statistical weights for terms 2 and 3, respectively, 

gain coefficients have been computed for several decades of electron densities 

and suitable corresponding plasma dianseters.  These parameter« were selected  to 

simulate  plasmas which can be produced by presently available technology. 

For the carbon-like results shown in Fig. 3, an equilibrium electron kinetic 

temnerature kT , equal to one-third the ionization potential (I.?.) of the losing 

species being modeled was used, with Te = T^ pre-oquilibriun enhanced CetnperatuM 

results shown in Eis. 4 are discussed further in Section IH.C. balow. 

Equilibrium calculation  results at kTe = kT., = 0.7 I.P. for helium-like ions 

ore given in Fig. 5.  In these figures, the gain product ci is plotted vs 

atomic number 2 (and corresponding laser wavelength) and for BOVeral Value« of 

electron density N and plasma dlamettr d, with a fixed length L = 10d chosen. 

The lower density curves, a and b, correspond to electrically driven dense pinch 

devices  '   while the higher density curves, c and d, are DOM typical of laser- 

heated pellet conditions34.  The aSSUT.ption L - lOd is based upon an aspect ratio 

of 10:1 which is considered to be a reasonable roaxitnum along a straight line 

axis in state-of-the-art plasma devices.  The values chosen for d exceed those 
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hf'low which severe difftiiction losses would be expected to enter, i.e., 

d   »  ().L)  or d » 10/. for ,1  10:1 assumC'd aspect ratio.  The computed cain 

products aL do not exceed 10 (corresponding to a singlc-pasü gnln of tr') 

where it would be anticipated that saturation effects and particularly radial 

superfluorescence would eater as the product ad approaches unity.  Thus, the 

choice of diameter d is dictated by a diffraction limit minlniura and a radially 

thick laaximuw. 

For clarity, the gain curves are shown as continuous lines, although 

computations were performed for integer values of Z.  Significant gain products 

at higher Z values are achieved with the increased pumping rates associated with 

the higher electron densities.  Each curve exhibits a minimum value of Z below 

which an inversion is not obtained because of dominant collisional mixing (the 

onset of Boltzmann equilibrium) between the upper and lower terms, which are 

closely spaced at these low Z values.  (Negative gain values are not indicated 

on the log Ou scale.)  All curves reach a peak at a Z value somewhat higher than 

the collisional mixing cutoff due to a gradual reduction of the mixing efiect 

resulting from the increas-J spacing of the laser levels with increasing Z. 

The decline in gain product as Z increases to values greater than this peak is 

due mainly to:  (a) a reduced fractional population of excited terras resulting 

from a decreasing pumping rate for the larger pump energy gap, AE.» [see Eq. (2)], 

(b) a smaller number density of lasing ions at higher Z for a given electron 

density (from charge neutrality), and (c) the linear scaling of the gain coefficient 
Q 

a with wavelength as predicted  fi  aigh densities. 

The low-Z (long wavelength) cutoff, as well as the position and magnitude 

of the peak gain product have been found to be sensitive to plasma diuonsions because 

of effects of radiative trapping.  With trapping included, the peak gain rises 

due to increased 3p 3D population from the 3d 3D level and the low-Z cutoff shifts 

slightly.  The low-Z cutoff is also sensitive to the value of the n=3 laser '  el 

electron collisional mixing rate used in the modeling.  The factor-of-two i     cision 

presently expected for the values used is reflected as +1 to +2 variation in the 

Z-cutoff values plotted in Figs. 3-5.  However, for atomic numbers larger than 

those at the peak of the aL vs Z curve, the calculated results are no longer 

sensitive to the upper and lower laser terra mixing rates, and the accuracy of the 

gain product plotted should bo about as good as the accuracy of the pumping rates, 

i.e., about a factor-of-two. 
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B.  Pump Energy Requirements 

For steady-state inversion, it is the puiap energy rather than power that 

becomes a stringent requirement for high gain. A lower limit on the amount of 

pu;np energy, Ep, required can be determined from the maintained plasma, ioniza- 

tlon, and excitation stored energies, i.e.. 

I Ke kTe + I Ni kTi + \h]  V. (19) 

where E, is the average  excitation  plus  ionization  energy  per  ion 

and V is the plasma volume.  Greater amounts of source energy by (factors of 

~ 20-1000)could be required to compensate for plasma-energy losses and coupling 

efficiency from the pump source.  The stored energies Ep are Indicated in Figs. 

3-5 for the peak gain point of each of the curves.  Curves a and b in each figure 

correspond to conditions more typical of electrically driven pinch devices, where 

efficiencies of at least a few percent can be expected and energy storage systems 

of tens-of-kilojoules to megajoules are available; curves c and d correspond to 

laser-heated plasmas at high temperatures where the efficiency may be as low as 

0.1 percent and much less energy (hundreds-of-Joules) is presently available. 

C.  Discussion 

Under equilibriua temperature conditions with kT =kT. ■ 1.P./3 and 0.7 I.p. 

for carbon-like and helium-like ions, respectively, the results for the former 

(sho-.,-n in Fig. 3) are encouraging with gain products in the vacuum-UV region ns 

high as al,-1.6 corresponding to not gains of exp (aL) - 5.  For the latter 

(helium-like ions), the corresponding computed gain products plotted in Fig. 5 

represent insignificant net gain, and at most a population inversion measurement 

could be expected ^'or available plasma densities and dimensions such as repre- 

sented here. Only vizh  co.nprcssed laser-heated pellet p] is-is of supra-solid 

density in a linear geometry could net amplification at high z be conceived. 

An increased electron temperature could have a significant effect both 

towards increasing the long-wavolcngth cutoff point as the n-3 laser level mixing 

rate decreases [Eq. (2) for AE^/kT^ wry small] as well as increasing the gain 
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product <-is the n--2 to n =3 pumping rate increases.  Electron tempsraturcs 

considerably above the "equilibrium" values chosen here are not unco;".non 

under transient pre-oqiiilibrium conditions of plasma heating in most fast- 

pulsed devices, and significantly increased gain is conceivable for the interval 

during which the desired ion is abundant.  Such conditions are approxitnated 

within the present model for carbon-like ions, with the results plotted in 

Fig. 4 for :;  and d values corresponding to Fig. 3 but with temperatures 

increased by a factor of three.  For these modified computations, a fixed 

laser-ion abundance of one-third the total was assumed, rather than an 

ionization-equilibrium value.  Also, T =T. v;a3 again assumed, since the 

electron-ion energy equipartition tiroes are generally less than the ion 

creation times at such high densities (if T. were less than T , the gain 
_}.     1 e 35 

products shov.-n would increase aj T. 2).  Even for the somewhat conservative 

temperature increase of 3x assumed here, psak gain products of aL ~ 10 are 

predicted, with a net gain of exp (aL) « 2 x 104.  Thus, only a modest transient 

temperature increase is required to saturate the gain (see Section III.A.). 

Enhanced temperature calculations corresponding to the heliura-liko ion 

conditions of Fig. 5 continued to yield very small gain products (less than 

10"3) and therefore the results are not plotted. 

IV.  SUMMARY AND CONCLUSIC.\'S 

Population densities of ground and excited terms of carbon-like and 

helium-like ions in high-density plasmas were calculated by using the steady- 

state computer model described above.  All important radiative and collisional 

transitions were included in uhe analysis and the laser gain product was 

derived from the co-puted population densities and the plasma lenjth.  The 

results of these calculations indicate significant gain products for 3p >3s 

ionic transitions in an a.-nplifiod spontaneous emission (ASE) rode, i.e., 

without a resonant cavity, and for a quasi-cw equilibrium plas:na medal.  With 

enhanced tenperacures typical of a transient plasma heating phase, gains 

approaching saturation levels are predicted.  The aspect ratio has been fixed 
33 

throughout at L/c = 10; tandem operation  could conceivably increase this to 

30 with a corresponding increase of a f«Ctor-of-three in the peak gain product. 
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with net equilibrium-mode yains > 100.  Therefore, vacuum-UV laaing at \.'ave- 

lengths between 500 and 1000 A using existing high-density discharge devices 

appears promising for a near tonn proof of feasibility of ASE in plasr.as at 

short wavelengths. 

Shorter wavelengths may subsequently evolve using smaller volumes heated 

by such high-power lasers as currently under development for compressed pellet 

fusion; here helium-like ion transitions rright also become useful at very high 

densities. 
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lower  term,   J 

2p 3 3j 

3 3j 

2   3, 
ft 
2p3s aP0 

2P3s 3P0 

2p3p 3D 

2^ 3P 

lower tenn,   J 

Is3 l8 

lsa lS 

Is3 ^S 

ls2p »I? 

1S2IJ lf 

]s3s 1S 

Is' ?S 

Table  1.     Atomic Data Used  in  Calc ■'   Lions 

Carbon-Like  Ions,   z  =>  Z 

upper  torm,  k AE 
Jk jk 

2p3s 3P0 

2p3p 3D 

2p3d 3D0 

2p3p 3D 

2p3d 3D0 

2p3d 3D0 

2paP0 + e 

Helium-Like  Ions,   z ■=  Z-l 

upper term,   k ££ 
jk jk 

ls2p 'p0 

l83s 18 

ls3p »P0 

ls3s l8 

ls3p 1P0 

ls3p 1P0 

Is SS +  e 

10.9 zJ 0.83 -  1.1/z 

(a) .032 -  .022/Z (e) 
12.7  z:i 0.16 - O.U/z 

(a) 0.014 +   .053/z 

(") .21  -   .26/2 

0.184 ■ 1.04/ Z 

1A.1 za(I.P.)   

< g >: 

2.35 za 0.05 (c) 

(«) 0.3(f) (c) 

(a) 0.65 (c) 

1.10 z 2.9/Z (d) 

(a) 0.0  (b) (d) 
1.38  z 0.75/Z W 
3.75 za(I.P.) -..   

<g > jk 

(d) 

(d) 

(d) 

(c) 

(c) 

(d) 

(a) Energy gap coraputed fro» other gaps listed using AE, =- AE  + AE , wher» 1    m 
in Jjn cm        '  • 

and n are any three terms.  Scaling used is both predicted' and typical of measurements  . 

(b) This quadrupoi mixing is believed to be saall and is taken to be zero.  It has little 

effect on the computed gain for most cases even If it is assummed to be as large as the 

3s-»3p dipole rate. 

(c) Gaunt factor fitted to < i >jk - 0.1/ (AE^/kT^-
0-*'1' for AE /kTe < I and < i >  . 11.17 

for AE-./kT > 1. J   e jk 
Jk  c 

(d) Gaunt factor fitted to < g >,, - 0.63 (iE,./kT )-0'18 
jk jk      e' 

(e) Derived  from collisional   rates  for helluni-like   ions  calculated  by Landshoff and  Perez22. 

(f)   Deduced  from data  of Vainshtein,  et  al.,   in  Ref.   22. 
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FIGURE CAPTIONS 

Fig. 1 - Term diagram for 3p-3s laslng scheoe in carbon-like ions showing Impor- 

tant terms and transitions used in nMcerical modeling results discribod. 

Dashed arrows designate radiative transitions; solid arrows represent 

electron-collisional transitions.  Numbers in parentheses correspond to 

subscripts in the text. 

Fig. 2 - Term diagram for 3s-2p lasing sche.-e in helium-like ions showing impor- 

tant, terms and transitions used in numerical modeling results described. 

Daohed arrows designate radiative transitions; solid arrows represent 

electron-collisional transitions.  Nunbers in parentheses correspond to 

subscripts in the text. 

Fig. 3 - Computed gain products aL versus atonic number and wavelength for 6- 

electron carbon-like ions at temperatures Te, X^ equal to one-third the 

ionUation potential, I.P. (from Table 1).  Curves a through d correspond 

respectively to electron densities of 1019, 1020, 10E1 and 102S cm"3 and 

to relevant respective plasma diameters of 3, 1, 0.1 and 0.01 mm.  The 

required plasma energies in Joules are indicated for each curve at peak 

gain; lower values at higher densities reflect a volume decreasing as 

the third power of the diameter. 

Fig. 4 - Computed gain products ciL versus atomic number and wavelength for 6- 

electron carbon-like ions at enhanced non-equllibriura temperatures T , 

T. equal to the ionizatlon potential, I.P. (from Table 1).  As in Fig. 3, 

curves a through d correspond respectively to electron densities of 10  , 

1030  10el and IG3" cm-3 and to relevant plasma diameters of 3, 1, 0.1 

and 0.01 tnn.  The required plasma energies in Joules are indicated for 

each curve at peek gain; lower values at higher densities reflect a 

volume decrsasing as the third power of the diameter. 

Fig. 5 - Computed gain products oL versus atomic number and wavelength for 2- 

electron helium-like ions at temperatures Te> T. equal to 0.7 times the 

ionizatlon potential, I.P. (froa Table 1). As in Figs. 3 and 4, curves 

a through d correspond respectively to electron densities of 10'°, 

1020, 10S1 and lO22 cm"3 and to relev nt plasma diameters of 3, 1, 0.1 

and 0.01 mm.  The required plasma eaergiea in Joules are Indicated for 

each curve at peak gain; lower values at higher dentltici reflect a 

volume decreasing as the third povex of the diameter. 
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Generation of Coherent Radiation at 53.2 nra by 

Fifth-Harmonic Conversion* 

J. Reintjes, R. C. Eckardt, C. Y. 3het 

N. E. Karangelen, R. C. Elton and R. A. Andrews 

Naval Research Laboratory 
Washington, D.C. 20375 

The generation of coherent radiation at 53.2 nra by fifth harxonic 

conversion of laser pulses at 26'S.l nn in both Ne and He is reported. 

250 



Generation of Cohurent RaJiation at 53.2 nm by 
Fifth-Harmonic Conversion* 

J. Reintjes, R. C. Eckardt, C. Y. Slier 
N. E. Karangelen, R. C. Elton, and R. A. Andrews 

Frequency upconversion using third-harmonic generation and four-wavo 

nixing has received attention in recent years for the generation of coherent 

12 3 radiation in the vacuum ultraviolet (VL'V) region of the spectrum ' ' .  Such 

processes have been used to produce coherent rädiition at wavelengths as short 

as 57.0 nm .  The generation of coherent light in the extreme ultraviolet 

region by third-order processes becomes increasingly difficult because of the 

scarcity oi intense coherent sources at the required pumping wavelengths.  The 

development of frequency conversion techniques utilizing higher ordrr nonlinear- 

ities  offers an attractive alternative to this approach, since it would 

allow larger s^aps along the frequency scale to be made in a single conversion 

process. 

Several of these processes have been suggested in the literature ' . 

Although reasonable conversion efficiencies have been predicted for some of 

these interactiot s, the only published experimental evidence cf such processes 

ha? been the fifth-harmonic conversion of Nd:glass radiation (1.06|im) in 

calcite .  Xo experimental evidence has been published for the generation of 

c 
fifth or higher harmonics in vapors or in the VUV . 

In thi-J letter we report the generation of coherent radiation at 53.2 nm. 

f 
To our knov.'ledge  this  is  the  shortest wavelength coherent  radiation  reported 

9 
to date .  It was achieved through fifth-harmonic conversion of laser pulses 

at 266.1 nm (the fourth harmonic of a Nd:YAG laser).  This process was observed 
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in both He gas and Ne gas.  The present work represents the first application 

of higher order nonlinearities In the generation of coherent radiation in the 

extreme ultraviolet and indicates the Feasibility of use of such processes 

for the generation of still shorter wavelengths. 

Energy level diagrams for Ne and He are shown in Fig. 1.  The fifth order 

susceptibility in Ne at 266.1 nm is dominated by a near four-photon resonance 

(^•7= 12 cm" ) between the ground state and the 3p [1%] J=2 level.  The 

wavelength of the generated radiation lies in the ionizing continuum.  Efficient 

firth-harmonic conversion is therefore limited to tight focusing arrangements 

in which the focal depth is shorter than the absorption length. The four- 

/v. -i 
photon resoaance is not nearly as exact in He (Av « 16O00 cm ).  However, 

the generated radiation lies below the continuum, at a level 1760 cm  above 

the 3p state.  Calculations of the refractive index which include the effects 

of the continuum indicate that He is negatively dispersive for this process. 

Thus optimization by tight focusing in He should be possible . 

The pump pulses at 266.1 nm were derived from a mode-locked Nd:YAG laser 

followed by two successive stages of second-harmonic generation with about 707. 

conversion in each stage . Quartz prisms wei-e used to separate the fourth- 

harmonic pulses from the f-mdamental and second-harmonic pulses.  The pump 

pulses entered a sample cell through a MgK? window.  The cell was attached 

to a 1-m normal incidence vacuum spectrometer, A CaF2 lens was used to focus 

the radiation at the center of a 500 ^m diameter aperture which replaced the 

entrance slit of the spectrometer.  The gas used for nonlinear mixing was 

flowed into the cell and was differentially pumped ' nincl the entrance aperture. 

The energy in the pump pulses was measured with a calibrated joule meter after 

the focusing lens, indicating a peak power of 330 MW.  The infrared and socond- 
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harmonic pulses were observed with a 5 psec resolution streak camera which 

showed pulse durations of about 30 psec with no amplitude substructure.  The 

experinents ..•ere performed using lenses of both 5 and 10 cm focal lengths. 

The characteristics of the bea- in the focus ot both lenses were measured 

with a Si phctociode array.  A Gaussian profile was observed in each case, 

with spot sizes (1/e field radius) of 10 ^m and 5 jim and cunfocal parameters 

of 2 mm and 0.5 mm for the 10 cm and 5 cm lenses, respectively. 

The radiation at 53.2 nm was observed both photographically and photo- 

electricaliy. A microdensitometer tracing of the spectrum of fifth-harmonic 

light generated in Ne at a pressure of A0 torr is shown in Fig. 2. The spectrum 

was record-.- on Kodak 101-01 film through a 1200 A thick Al filter. A single 

spectral line is seen in the range covered.  Its width of 0.02 nm is limited 

by the size of the beam at the focus. A comparison tracing of a spectrum from 

a He arc source in tho same spectral region is also shown, with three of the 

Ke emission lines evident. 

Photoelectric signals were observed through two 1200 A  Al filters with an 

EMI 9750QA photomultiplier tube and a sodium salicylate scintillator. For 

wavelength -easurements, the spectrometer dial was calibrated againrt the He 

discharge spectrum to an accuracy of + 0.05 nm.  Using a 200 am exit slit, the 

center wavelength of the fifth-harmonic signal was determined by tuning the 

monochromaror dial to be 53.2+0.1 nm for both gases.  This measured value 

is in excellent agreement with expected value of 53.225 which was determined 

from calibration of the laser second-harmonic wavelength with a Ne discharge 

spectrum. 

The variation of the fifth-harmonic signal with pump intensity was measured 

in neon at a pressure of AQ torr using the  10 cm focusing lens.  Data are shown 
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in Fig. 3 for 24 laser shots.  The pump intensity in the focus at the highest 

14    2 
level shown is approximately 3 x 10  W/ctn . A least square fit to the data 

points (solid line) gave a power law dependence with a slope of 4.7 on a 

log-log scale in excellent agreement; with the expected value of 5.  The proper 

power law dependence of signal strength with pump intensity, along with the 

exact agreement of the wavelength measurement, was taken as confirmation that- 

fifth-harmonic generation had been observed. 

Relative signal levels were compared for the two gases at various pressures 

using both the 5 and 10 cm focal length lenses. When the 10 cm lens was used, 

the signal level in neon was about twice as strong as that in helium at the 

same pressure. For these conditions the highest signal levels were observed 

in neon at a pressure of 40 torr. The conversion efficiency was estimated 

from the photomultlplier response to be of the order of 10  to 10  for an 

14    2 
intensity at 266.1 nm of 3 X 10  W/cra . Higher conversion was obtained when 

the 5 cm focal length lens was used with a pump intensity in the focus of 

15    2 
10  W/cm . Under these conditions whe fifth-harmonic signal in helium was 

greater than that in neon, and an estimated conversion level of 10  to 10 

was observed at a helium pressure of 160 torr.  This conversion level is already 

3 
greater than that reported for some third-order conversion processes 

Conversion in neon appears {..o be limited by breakdown which was observed 

to occur at a pressure of 60 torr for the weaker focusing arrangement (10 cm lens) 

and at lower pressures for the tighter focus. Abrupt cut-off of the 53,2 nm 

signal on the strongest laser pulses was taken as preliminary evidence of 

breakdown, with confirmation of the process being provided by the observation 

of Ne III emission lines at 37.93 nm and 48.95 nm, Wo signals at all were 

observed at 53.2 nm for either focusing arrangement for neon pressures greater 
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than 80 torr.  Breakdown in He as evidenced by either of these two effects has 

not yet been seen at pressures up to 160 torr. 

The fifth-harmonic processes reported here have not yet been optimized for 

either gas.  la neon the absorption length at 40 torr is 0.7 mm, shorter than 

the depth of focus of the 10 cm lens and comparable to that of the 5 cm lens, 

increased conversion may be possible by further reduction of the focal depth, 

although breakdown may become important in limiting conversion at the higher 

intensities.  Still higher conversions should be possible in helium, since the 

negative dispersion allows conversion to be optimized in a tight focus region. 

Calculations show that optimum conversion should occur at a pressure of 640 torr 

when the 5 cm lens is used.  Pressures this high could not be reached with the 

existing pumping system.  Increased conversion is thus expected in helium when 

the system is operated at the optimum pressure. 

In summary, we have used fifth-harmonic generation in He and Ne to extend 

the range of coherent wavelengths to 53.2 nm. Conversion is in the range of 
~5     -ft 

10 " to 10  with further optimization believed to be possible. This work 

represents the first application of frequency upcoaversion to the extreme 

ultraviolet u.ing optical nonlinearities of higher order than third, and 

indicates the feasibility of using such processes to extend the range of avail- 

able coherent wavelengths ever closer to the soft x-ray range. 

The authors would like to thank T. N. Lee for advice and assistance with 

the VUV photography, W. Hunter for advice on V?V equipment. M. Fink for prepara- 

tion of the Al filters, and E. Tiedemann for laboratory assistance. 
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FIGURE CAl'TIONS 

I«  Partial energy level diagrams of NL and He showing states involved in 

fifth-harmonic conversion of 266.1 nm to 53.2 nm. 

2, Microdensitotrater traces of a fifth-harmonic spectrum in Ne (top) and 

a He discharge comparison spectrum (bottom). 

3. Variation of fifth-harmonic signal with pump intensity in neon at a 

pressure of 40 torr.  The highest pump intensity shown is approximately 

14    2 
3 X 10  W/cm .  The solid line is a least square fit to the data points, 
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Complete Compensation of Self-Phase Modulation 

in Cesium Vapor at 1.06 n" 

R. H. Lehmberg, J, Reintjes and R. C. Eckardt 

Naval Research Laboratory 

Washington, D.C. 20375 

We have observed a complete cancellation of self-phase 

modulation in 1.06 n pulses propagating through cesium vapor. 

The negative nonlinear refractive index responsible for this is 

-30 
measured as n2/N = - (2.5 + .5) x 10   esu, in good agreement 

with theory. 
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Complete Compensation of Self-Phase Modulation 
in Cesium Vapor at 1.06 \i* 

R. H. Lehmberg, J. Reintjes and R. C, Eckardt 

Recently, we reported the observation of self-defocusing of mode- 

locked pulses at 1.06 \x  in cesium vapor, and attributed the effect 

2       2 
primarily to a nearby two-photon resonance with the 6s S, - 7s S^ 

%       -2 

levels [1,2],  From these measurements, we inferred a negative nonlinear 

-30 
refractive index n„ ^ - 1.5 x 10  N esu, in reasonable agreement with 

the theoretical value - 2.62 x 10  N esu [2].  Thus, the magnitude of 

17  -3 
n9 at cesium vapor densities of approximately 10  cm  will b^ comparable 

to that of typical laser glass [3,4], giving rise to the possibility of 

compensation for the whole beam self-focusing and self-phase modulation 

in the amplifier chains of large glass lasers.  The recent use of spatial 

filters to suppress small-scale self focusing has allowed operation of 

lasers at peak nonlinear phase retardations up to 3«  [3], where these 

effects are appreciable. 

In this paper we report initial studies of the compensation process. 

We have observed complete compensation of the self-phase modulation (and 

therefore whole beam self focusing) indrced by YAG amplifiers and CC , on 

mode-locked pulses from a Nd:YAG laser by propagating the pulses through a 

cesium vapor cell.  From the variaLion of nonlinear phas0 compensation with 

-30 
Cs number density we have determined a value of n2/N ■ - (2.5 + ,5) X 10  esu, 

which is in excellent agreement with the theoretical value.  Finally, the 

degree of compensation that we have been able to achieve indicates that the 

non1i'near refraction in Cs is instantaneous (i.e., 6n(t) ~ n« I(t)); 

therefore, this process should be useful for compensating the self-phase 
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modulation introduced by other rapidly responding media, 

A pulse propagating through such a medium develops an intensity dependent 

phase shift: 

B(t) 
8n 
n X c 
o o 

/   n2 l(2Jt)dz. (1) 

where 1(2,t) is the intensity, and L is the path length.  The instantaneous 

frequency shift of the pulse 6Ul(t) = - B(t) results in spectral broadening 

with a Bessel function modulation that is characteristic of self-phase 

modulation (SPM).  Typical calculated spectra are shown in Fig. 1 for 

temporally Gaussian pulses with various values of peak nonlinear phase 

shift B. The FWHM spectral, width AX and spacing AX  between the outermost 
PP 

peaks (normalized to the unchirped FWHM width AX ) are shown as a function 

of B in Fig. 2.  It is evident from this figure that AX is approximately 

equal to the maximum instantaneous wavelength excursion duo to the chirp 

2 
6X   - 6X ,  - (K /nc) B(max) - 1.03BAX for B » 1. 
max    min   N o o 

If a pulse with this type of phase structure is subsequently propagated 

through a second medium with n„ of opposite sign to that of the first, the 

nonlinear phase structure can be cancelled.  This cancellation should occur 

at all times during the pulse and at al] positions across the beam profile 

if the spatial changes due to self focusing and defocusing are negligible 

within or between the two media; i.e., if the nonlinear refraction affects 

only the phase of the pulse [7]. 

In order to investigate these concepts, we performed the experiment 

indicated schematically in Fig. 3.  Single mode-locked pulses from a Nd:YAG 
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laser were self phase modulated in a positive sense by propagation through 

the YAG amplifiers and 2 mm of CS2«  The pulses incident on the CS9 cells 

contained nominally 40 mj of energy with a 35 ps pulse width, as determined 

by a 5 psec resolution streak camera.  The spatial profile, as determined 

by a silicon diode array, was an Airy pattern with a 4.0 mm 1/e diameter, 

which was truncated at its first mininur.i by aperture A, .  After a 2.1:1 

expansion by a Galilean telescope to minimize the spatial effects of self 

defocusing, the pulses were propagated thi-ough aim long, two-temperature 

cesium cell, which has been described elsewhere [2],  The pulse energy was 

monitored before and after the cell w.'.th a calibrated photo diode.  The 

2 
peak on-axis intensity at the entrance was approximately 1 GW/cm , and the 

insertion loss (due to cesium dimers [2,8] was less than 20% under optimum 

compensation conditions. 

Time-integrated spectra of the on-axis portion of the pulse were 

recorded both before and after the cell by a 1 m normal incidence grating 

monochromator and a streak camera.  The streak camera was operated with a 

time resolution of 350 psec, thereby providing time-integrated spectra of 

each pulse, while allowing the incident and transmitted pulses to be 

separated in time.  The spectral resolution was 0.18 1. 

Densitometer traces of typical spectra are 3hown in Fig. 4.  The 

incident spectra (lower traces) were broadened to widths of 2-4 A, with 

approximately equal contributions from the CS2 cells and the YAG laser 

amplifiers.  They have the double-peaked appearance characteristic of their 

phase modulation depths B. between 1.5n and 1.7«.  The spectral asymmetry 

is du? to a temporal asymmetry of the laser pulse that arises from gain 
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Saturation in the final YAG amplifier.  For an empty cell (Fig. 4a), the 

output spectrum is actually broadened slightly due to additional positive 

self-phase modulation in the lenses and cell windows.  At intermediate 

cesium densities (4b), partial compensation is evident, with the spectrum 

17  -3 
narrowing and becoming single-peaked.  At a density N ^ .76 x 10  cm  (4c), 

compensation is complete, and the spectrum of the initially phase-modulated 

pulse narrows to its time-bandwidth limit.  Higher densities (4d) result in 

overcompensation; i.e., the pulse becomes self phase modulated in a negative 

sense, with its spectrum broadened and the spectral asymmetry reversed. 

Further studies showed that optimal compensation could be achieved for the 

largest values of B.  that we were able to produce without beam breakup 0 in 

(~3 n). 

The numerical value of n0/N was obtained from Eq. (1) with B = B   - B 2 IN/ out m 

using nine shots of known peak intensities and cesium pressures.  B. , which 

ranged fvom 1.5 jt to 2.5 it, was estimated by measuring the peak-to-pcak 

spacinf, of the input spectra, calculating AX /A\   ,  and using Fig. 2 [9]. 

2 t 
For a pulsewidth At = 35 psec, AX = (2jKn2) \    /ircAt = 0.48 A.  At the 

o o 

output, where B   ranged from .55 n to 1.0 it, the spectra were single- 
out 

peaked in most of the cases chosen.  B .. was estimated by measuring the r out 

FWHM spectral widths relative to those of time-limited pulses of similar 

intensity and film exposure.  No shots in which |B   j < ,5 jt or 

1.0 n < B.  < 1.5 « were used, because of the difficulty of estimating 
in 

accurate B values from spectra in these ranges.  (See Fig. 2.)  In all of 

the shots that were used, the calculated B values matched closely with values 

inferred from theoretical spectra of similar qualitative appearance. 

(See Fig. 1.) 
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The result of our n2/N measurement is compared v^ith the theory and our 

earlier measurement [2] in Table 1.  Although the value of n„/N determined 

in the present work is in good agreement with the theory, the precision 

is somewhat poorer than in our earlier measurement because of the difficulty 

in evaluating accurate B values of the input and output pulses from the 

spectra.  The inaccuracy of our earlier value of n2/N probably arose from 

inaccuracy in measuring N.  I» the present experiment, we allowed a sig- 

nificantly longer time for the two-temperature cesium oven to reach thermal 

equilibrium at each new density, and this appears to have remedied the 

problem. 

In summary, we have demonstrated that the negative nonlinear refractive 

index of Cs vapor at 1.06 \x  can be used to compensate for the self-phase 

modulation introduced on laser pulses by propagation through media with 

positive n2 values.  The value of n2/N determined in these measurements is 

in excelleit agreement with that obtained from ab-initio calculations. 

Although the major thrust of the current work was to observe compensation 

of self-phase modulation artificially introduced in CS«, some of the phase 

modulation that was compensated arose in the amplifier stages of the laser. 

In addition, virtually complete compensation was observed for our maximum 

modulated pulses up to 3jt  which is comparable to the phase modulation 

found in some lasers currently being built for fusion research [5].  Our 

work therefore indicates the feasibility of usii;g cesium to compensate 

self-phase modulation, and hence whole beam self focusing, in large Nd:Glass 

laser systems. 

The authors wish to thank J. M. McMahon and 0. C. Birr for stimulating 

and useful discussions. 
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FIGURE CAPTIONS 

Fig. 1 - Calculated spectra of self phase modulated Gaussian pulses with 

peak nonlinear phase shifts B = 0, 0.5 rt, 1.0 rt, 1.5 « and 2.0 Jt. 

Fig. 2 - Calculated FWHM spectral width AX and outer peak spacing AX 
PP 

(normalized to the time-bandwidth limited width AX ) of splf v o 

phase modulated Gaussian pulses of peak nonlinear phase shift B. 

The dashed line is the normalized maximum instantaneous wavelength 

excursion due to the chirp. 

Fig. 3 - Schematic illustration of the Cs compensation experiment, showing 

the use of a slow streak camera to separate the time-integrated 

input and output spectra. 

Fig. 4 - Densitometer traces of the incident spectra (lower) and transmitted 

spectra (upper) for cesium densities of (a) N=0, (b) 4,6 y  10  cm , 

(c) 7.6 x 1016 cm"3, and (d) 1.13 x 1017 cm"3. 
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A Discharge-Pumped ArCl Supcrfluorescent Laser at 175,0 nrr. 

Ronald W. Waynanf. 

Naval Research Laboratorj' 

Washington, D.C. 203 73 

Initial observations have been made of laser action in ArCl excimers 

pumped by a high-voltage, fast-risetime Blumlein discharge circuit. 

The new laser emits at 175.0 nm and operates a*; atmospheric pressure. 

The gas from which the molecules are formed consists of 1% Cl9, 15% Ar 

and 847, He.  A gain coefficient of 0.012 cm"  has been determined for 

ArCl. 

PACS numbers:  82.50 Et, 78.76 Fi, 42.60 Cz, 52.80 Pi 
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A Discharge-Pumped ArCl Siperfluorescent Laser at 175.0 nm 

Ronald W. Waynant 

Naval Research Laboratory 
Washington, D.C. 20375 

Observations of numerous rare gas halide lasers (XeF, XeCl, XeBr, KrF, ArF, 

and KrCl) have been mjae using electron beam excitation 
1-10 Some of these 

11-15. 
molecules have also exhibited stimulated emission in duich ?.i:ge-pumped systems 

This paper reports the first observations of superfluorescent emission from ArCl 

at 175.0 nm.  Thif wrvelength is the shortest yet obtained from rare gas halide 

excimers. It was produced with a Last  (2.5 ns current risetime) Blumlein dis- 

charge circuit, which also was capable of exciting XeF, KrF, ArF, and KrCl with 

no difficulty.  (This is also the first report of discharge pumping of KrCl.) 

While the basic operating principles of the traveling-wave Blumlein discharge 

system have been described previously  for use in generating vacuum ultraviolet 

emission from H? and CO, the system used for this work was extensively modified 

to produce a uniform discharge at higher pressures.  These modifications included 

the creation of a gas chamber capable of handling several atmospheres of pressure 

and new electrodes raised from the polyethylene Blumlein dielectric.  The elec- 

trodes, constructed from stainlens steel, were 160 cm long, 2.5 cm high, and 

could be varied in separation from 1 to 7 cm.  Electrically the Blnmlein circuit 

was triggered by the sequential firing of nine mylar switches timed to produce 

a traveling wave of excitation in the direction of proposed pulse propagation 

(this has also been called the "swept gain" mode of operation).  The resulting 

voltages across the electrodes could be varied from about 80 to 110 kV.  Several 

electrode shapes were tried before settling on a nearly flat pair which gave a 

uniform discharge free from arcing with pressures in the one-half to one atmo- 

sphere Lange. 
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The emission spectra of the rare gas halides were first studied by Golde 

17 18 
and Thrush  and Vela^co and Setser  .  The emission spectrum of ArCl formed 

by the reaction 

Ar* 3P2 + Cl, -♦ ArCl* + Cl 

is given by Golde and Thrush and shows a rather broadband (~8.0 nm) spectrum 

with a maximup» at 17").0 nm and a secondary peak at about 169.0 nm.  Ewing and 

Brau also observed the emisrsion spectra of tht rare gas monohalides and realized 

lc) 
the possibility of uv and vacuum uv lasers '.  They were able to estimate the 

fe.vturcs of a number of these lasers, and some of these lasers have now been 

realized.  Because of an interest in short wavelength? the work reported hero 

is an initial attenpt at investigating those rare gas halides which are predicted 

to läse in the vacuum ultraviolet. 

Initial experiments with this device were carried out in XeF, and the 

spectrum at 355 nm showed the discrete lines characteristic of transitions between 

stable molecular levels.  The gas mixture used was 1,5% NF-, 5% Xe and then filled 

with He to make total pressures of up to 500 Torr.  Attempts to generate emission 

from KrF produced poor results with WF3, and attempts to generate ArF with NF3 

produced only a weak spontaneous spectrum accompanied by numerous lines attributa- 

ble to the excitation of NF„ or its decomposed fragments.  Substitution of pure 

F eliminated all difficulties in producing stimulated emission in KrF and ArF 

as shown in Fig. 1.  Gas mixtures consiste  jf about 17. F2, 107. Ar or Kr, and the 

rest He to ir.ake pressures of about one atmosph  .  It is possible that pressures 

above one atmosphere may produce higher powers, but this was not investigated 

because of our interest in obtaining shorter wavelengths.  Therefore, Cl,, was 

substituted for F„, and the laser emission .''pectra shown in Fig. 1 were obtained 

from KrCl und  ArCl.  Using similar gas mixtures and pres-ures with Cl2 as .sed 

with Fj,   lasing was easily obtained. 
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All of the exclmers laseU in the superfluorescent (or ampliftad spontaneous 

emission) mode of operation.  No resonant cavity was needed to obtain lasing, 

although as Burnham  has indicated, considerable improvement could he  expected 

in the output when resonant cavities are employed.  The emission was extracted 

through a LiF window and traversed a vacuum path of about one meter length 

before entering a McPherson Model 225 one-meter vacuum spectrograph.  The dis- 

persed radiation was recorded on Kodak 101-01 vacuum uv film.  A Hg lamp was 

used to calibrate the wavelengths. 

Evidence of amplification was obtained by numerous methods.  The most 

straightforward method consists of measuring the output as a function of length 

of excited gas.  For lengths below saturation intensity an exponential dependency 

would occur when amplification takes place.  By placing an absorbing material 

(r. glass plate) across the discharge channel to keep emission from one end of the 

discharge from reaching the remaining excited ga,-.<, the effective length can bo 

varied without changing the discharge parameters anywhere along the length of the 

electrodes.  Observations were made of exponential behavior when the amplifying 

length was cut from 160 cm to 80 cm.  These indicate unsaturated amplification 

for the excimersinvestigated and allow measurement of the small signal gain co- 

efficients of 0.012 cm"1 for ArCl, 0.017 cm"1 for ArF, 0.018 cm"1 for KrCl, and 

0.019 cm"  for KrF. 

The temporal history of the amplified output was monitorev" both by a 

photomultiplier-spectrograph system and by the use of bandpass filters manufactured 

by Acton Research which wore placed over an ITT 4018 phoi-odiode with a sapphire 

window.  Typical pulses for ArCl and ArF are shown in Fig. 2.  The output pulse 

widths of KrF and ArF were longer (FWUM ~- 20 ns) than the pulse widths of KrCl 

and ArCl (FWUM ~ 10 ns).  Similar observations can be found in the comparison of 

KrF and KrCl by Murray and Powell . 
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There is likely to be a considerable improvement in the output power of 

ArCl and the other rare gas halides by optimizing electrode structure, gas 

mixture, and resonator configuration.  Present energy estimates made with a 

Molectron calorimeter (J3-02) indicate autut 0.2 mj for ArCl, 1 mj for ArF, 

1.3 mj for KrCl and 1.7 mj for KrF from this system.  Therefore, the peak power 

generated in these gases ranges from 20 to 90 kW. 

Numerous applications of ArCl might be expected as performance improves. 

One application is that of pumping doped crystals to produce lasing over wave- 

20 
lengths tunable from 175 nm to 260 nin  .  Such tunable wavelengths would likely 

have numerous applications in photochemistry and isotope separation. As Ewing 

19 
and Brau predict  it is likely that other rare gas halides can be made to läse 

at even shorter vacuum ultraviolet wavelengths.  Several candidates which remain 

to be tried are KrBr which should läse at 203 nm, KrI at 185 nm, ArBr at 161 nm 

and NeF at 107 nm. 

The author gratefully acknowledges numerous discussions, encouragement, and 

initial supply of NF_ by R. Burnham and the technical assistance of L. J. Verna, 

v. 
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